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'^La naturaleza nos ha dado las semillas 
del conocimiento, no el conocimiento”
Seneca
'Nature provides the seeds o f  the Icnowledge, 
but not the Imowledge” 
Seneca
'El alma tiene sus ilusiones, como elpajarillo sus alas:
son ellas quienes la sostienen''' 
Victor Hugo
"The soul has its illusions as the bird its wings: 
These are what hold them''' 
Victor Hugo
Abstract
Abstract
This thesis reports research into the development of metal oxide-polymer hybrids as 
novel materials for optoelectronic packaging. Transparent hybrids have been 
successfully achieved, the chemistry of the interaction between organic-inorganic 
phases in the hybrid has been studied and the optical and thermal properties are 
reported.
Polyacrylate-silica hybrids have been synthesised in acidic media via the sol-gel 
process from TEOS and acrylate monomer to yield a sol which has been coated and 
cured using UV irradiation, resulting in transparent and semi-transparent films. 
Various acrylates have been used and organically modified alkoxysilanes have been 
introduced in order to obtain hybrids of type I and II with different properties. For the 
characterisation of these films NMR, ^^Si NMR, FTIR and Raman spectroscopies 
and scanning electron microscopy (SEM) have been used. Ellipsometry has been used 
to measure refractive indices, thickness and to estimate thermal expansion 
coefficients.
Polyacrylate-silica hybrids have been expanded with the synthesis and 
characterisation of polyacrylate-titania and polyacrylate-hafiiia, wherein the acrylate 
plays a dual role as a complexing agent and a polymerisable species. These hybrids 
lead to transparent films with higher refractive indices than polyacrylate-silica 
hybrids.
Epoxy resins cured with anhydride and imidazole catalyst are also reported and the 
incorporation of titania and zirconia nanoparticles is explored. Good miscibility and 
transparency are found when zirconia nanoparticles modified by silane coupling 
agents are utilised. The modification of the nanoparticles is studied by means of 
FTIR, ^^Si NMR and Raman spectroscopies while the modified epoxy resins are 
studied by FTIR and Raman spectroscopy and SEM. Thermal studies are carried out 
with differential scanning calorimetry (DSC) and dynamic mechanical thermal 
analysis (DMTA). Finally, the polymerisation kinetics of the modified epoxy resins 
are reported.
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Introduction: 
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Chapter 1. Introduction: Organic-inorganic hybrids
1.1. INTRODUCTION: ORGANIC-INORGANIC
HYBRIDS
Hybrids have been present throughout history. Even in Gfeek mythology we can find 
hybrids as combinations of different species, such as the Minotaur (half bull and half 
human), Centaurs (a horse with a torso of a man) or Pegasus (the winged horse) 
(Figure 1.1). These mythological hybrids embody not only the properties of the 
individual species, but they have exceptional qualities, for example the Minotaur 
appeared as a terrible, awful, evil and hateful monster\
Figure 1.1. The constellation o f  Pegasus'.
Additionally, Nature shows a wide range of organic-inorganic hybrids which offer 
fascinating properties such as remarkable impact resistance, combination of stiffness 
and toughness. Good examples are found in the bones in mammals, which are a 
combination of inorganic hydroxyapatite with a collagen polymer. Other attractive 
examples are mollusc shells (Figure 1.2) and although the bioinorganic polymer 
content is very low, it confers excellent toughness on the final material^.
radiolaria ^ n c c n tr tc  m esh
radiolaria hon eycom b
I
Figure 1.2. Biocomposites are an example o f  organic-inorganic hybrids
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The exceptional properties which these materials offer, have generated large amounts 
of interest for the investigation of new organic-inorganic hybrids in the laboratory; 
this phenomenon has been described as 'bioinspiration' or 'biomimetics'"^. However, 
the latter term is not universally accepted and instead the preferred term is usually 
'bioinspired' materials. Furthermore, these hybrids represent an emerging inspiration 
toward futuie innovation in materials synthesis^.
Although the term 'organic-inorganic hybrids' had not been invented they still existed 
and have been used for many years, for example in the paint industry where inorganic 
pigments such as TiOz are suspended in organic mixtures. Similarly, surfactants or 
inorganic fillers such as minerals, talcs and clays have been added to polymers in 
order to improve some of their properties®.
This emerging area of research in organic-inorganic hybrids is a "land of 
multidisciplinarity" where chemists, biologists, engineers, material scientists and 
physicists meet. As such, it has been the arena for several reviews such as those 
written by Sanchez and Ribot^, Mascia^, Judeinstein and Sanchez^, Mark^®, Livage^^ 
and Kickelbick^^, etc.
Hybrids emerge as a mixture of two dissimilar phases. Table 1.1. Organic materials 
can offer structural flexibility, convenient processing, tuneable electronic properties, 
photoconductivity, efficient luminescence, and the potential for semiconducting and 
even metallic behaviour. On the other hand, inorganic compounds provide the 
potential for high carrier mobilities, band gap tunability, a range of magnetic and 
dielectric properties and thermal and mechanical stability.
Their final properties are not just the sum of the individual phases as the interface also 
plays an important role and new phenomena can arise as a result o f the interface 
between organic and inorganic components'^. From the chemical point of view, the 
potential is based on controlling the interface. The interfacial forces between both 
components are influenced by the nature and relative content o f the organic and 
inorganic components as well as the experimental conditions used for preparing the 
hybrids^" .^
Chapter 1. Introduction: Organic-inorganic hybrids
Table 1.1. Comparison o f  the properties o f  organic and inorganic materials®.
Property Organics (polymers)
Inorganics
(SiOz and transition metal oxides, 
TMO)
Nature o f  bonds
Temperature stability 
Density
Refractive index 
Mechanical properties
Hydrophobicity 
Electronic properties
Covalent e.g. [C-C and C-H]
(+ weaker van der Waals or 
hydrogen bonding) 
low (-100 to 200°C) 
low ( <300“C)
0.9-1.2 g cm'^
1.2-1.5
elasticity; plasticity; rubbery- 
like (depending on Tg) 
hydrophilic; hydrophobic 
insulating to conducting; redox 
properties
Ionic [M -0]
H igh(>200“C)
High (» 1 0 0 °C )
2.0-4.0 g cm'^
1.4-2.7
hardness; strength; brittle 
hydrophilic
insulating to semiconducting 
(SiOz); redox properties (TMO)
These novel organic-inorganic hybrids are promising systems for a large variety of 
applications from modified inorganic glasses to modified organic polymers.
Table 1.2. Organic polymer-inorganic glass continuum'®.
Modified Inorganic Glasses Modified Organic Polymers
•  Fibre optics •  Toughness
•  Wave guides •  Strength
• Nonlinear optical materials •  Modify adhesive properties
•  Impact resistant glasses •  Scratch resistant coatings
• Low density, strong materials
•  Inorganic adhesives
•  Safety glass
1.2. SOL-GEL PROCESS
The sol-gel process is a method for preparing metal oxo polymers from metallo- 
organic precursors (salts or alkoxides) via continuous hydrolysis and condensation 
reaction steps which are governed by pH, solvent, water-to-alkoxy ratio, 
concentration of reactants, catalyst, temperature and pressure^^’^ .^
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A sol is a stable suspension of colloidal solid particles within a liquid. The sol 
particles must be small enough (between 2 nm and 0.2 pm) for the dispersion forces 
to overcome gravity. The sol can be transformed into a gel through the gel point, that 
is when the sol abruptly changes from a viscous liquid into a solid phase called the 
gel. This gel is a porous three-dimensionally-interconnected solid network that 
expands in a stable fashion throughout a liquid medium and is only limited by the size 
o f the container. The inorganic sols and gels are usually obtained by dissolving 
chemical reactants (chemical precursor) in a liquid medium. There are two main 
precursors groups: metallic salts and alkoxides which are transformed into oxides^
1.2.1. ESTERS OF SILICON
Silicon is the most abundant metal in the Earth's crust; moreover, the products 
resulting from its hydrolysis and condensation as polysilicate gels and particles are 
present in natural systems as soluble silica plays an important role in the development 
o f mammals. Ebelmen^^ produced tetraethoxysilane [TEOS] from SiCU in 1845 and 
subsequently produced the first silica gels in 1846 by the hydrolysis of this alkoxide, 
while Cossa synthesised the first alumina gels in 1870^^.
In the 1930s the discovery o f the extraordinary tendency of organosilicon compounds 
to form siloxane polymers containing organic groups, (silicones) together with the 
possibility of preparation of glass and ceramic systems, without the need for melting 
or high temperature sintering, led to the emergence of a huge research effort into the 
basis o f hydrolysis and condensation^^.
The oxidation state and co-ordination number of silicon in most cases is four. The 
silicic acid solution slowly thickens to result in a gel, this procedure was believed to 
follow the same pathway as organic polymers. However Her described it as a three 
step process in which first the monomer yields discrete particles, which afterwards 
grow and then thicken to form a gel at the end^^.
The chemical steps involved in the sol-gel process consist in the simultaneous 
hydrolysis and condensation of a metal allcoxide in a solution to result in the 
formation of a three-dimensional network: the gel. Figure 1.3. The most important 
reaction of this type involves the catalytic hydrolysis of tetramethoxysilane [TMOS]
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or tetraethoxysilane [TEOS]. TEOS is preferred over TMOS for toxicological 
re a so n s^T h ey  are traditionally prepared from reaction o f tetrachlorosilane with 
alcohol: when anhydrous ethanol is used TEOS is obtained with hydrogen chloride as 
by-product^
Hydrolysis
Si(OR)^ +  HgO  ► H O -S i“ (OR)3 +  ROM
Condensation
( R O )— S i-O H  +  H 0 - S i - ( 0 R ) 3   ► ( R O ) ^ S i - Q - S i - ( O R ) 3  +  H^O
( R O ) — S i - O R  +  H O - S i - ( O R ) 3  -------------- (R O )— S i - Q - S i - ( 0 R ) 3  +  ROM
Net reaction
O
S i 4
Si(O R ), HgO
O
-ROM
Figure 1.3. Reaction steps o f  sol-gel reaction .
1.2.1.1. Hydrolysis
This reaction occurs via the nucleophilic attack o f the oxygen of water on the silicon 
atom. It is facilitated by the introduction of an additional solvent which avoids liquid- 
liquid phase separation during the first stages (alcohols, dioxane, tetrahydrofuran, 
acetone, etc). Depending on the amount of water and catalyst, hydrolysis may go to 
completion. Hence, hydrolysis is quicker and complete when catalysts are employed, 
mineral acids or ammonia being the most commonly used. Additionally, increases of 
water molar ratio will increase the rate of the hydrolysis reaction. Water consumption 
and formation may be followed by NMR (nuclear magnetic resonance) 
spectroscopy of the sol-gel processes of TEOS and TMOS in the acid catalysed
process20
Hydrolysis is sensitive to steric and inductive effects. Thus, the hydrolysis is retarded 
overall by branched alkoxy groups. In relation to the inductive effects, in acid 
medium the hydrolysis rate increases with electron providing groups whereas in basic
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medium it follows the opposite trend. The inductive effects of the substituents on 
silicon are represented in Figure 1.4.
Increasing acidity
(Electron withdrawing)
OR OSi810 .....OH
HO s OR
OR""' \  "
\ R OR
Increasing basicity
(Electron providing)
Figure 1.4. Inductive effects o f  the silicon substituents on silicon .
• Acid catalysed hydrolysis:
These conditions favour the protonation of an alkoxide group which makes the silicon 
more electropositive and therefore more susceptible to the water attack acquiring a 
partial positive charge. At the same time these positive charges turn the protonated 
alkoxide group to a better leaving group. Pohl and Osterholz proposed a SN2-type 
character, Figure 1.5, which will lead to an inversion of the silicon tetrahedron. 
However, several investigations have described this reaction without an inversion of 
the silicon^
EtO„.
Eto'
OEt ISi-OEt
H^O OEt
H
Etc»'.
Etc
,S i - 0 - E t  
H
+8 y  +8
l_j—Q --si'-Q —Et I I IH ' H
OEt
^OEt
Figure 1.5. Hydrolysis reaction in acid medium for silicon alkoxides .
• Base catalysed hydrolysis:
Under these conditions the water will probably dissociate to produce hydroxide 
anions which will attack the silicon atom. A SN2-type mechanism was proposed by 
Iler^  ^ in which -OH displaces -OR with inversion of the configuration. Figure 1.6. 
Another mechanism involves a stable 5-coordinated intermediate such as that 
proposed by Pohl and Osterholz^^.
Etc
HO" + ^^°;;Si“ OEtEtc
8" \ /  6"HO— Si— OEt
OEt
+ Eto'
Figure 1.6. Hydrolysis reaction in basic medium for silicon alkoxides
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I.2.I.2. Condensation
Two partially-hydrolysed molecules may link together in the condensation reaction 
producing either alcohol or water. Condensation may proceed between different 
solution species such as monomer, oligomers, which makes it difficult to observe the 
steric and inductive effects. However, as a general trend the rate of condensation is 
expected to decrease with the steric crowding and to increase with the number of 
silanols.
• Acid catalysed condensation:
This is believed to involve protonation of the silanol, usually the most basic silanol 
species, which makes the silicon more electrophilic and thus more susceptible to 
nucleophilic attack by neutral silanol species as is shown in Figure 1.7.
O E t^ H OEt OEt E to , OEt 
Et0 ' ; S i " O - s f '0Et1 .OEt H O -S i H - 0 - i .OEt -Si^ +  H O -S i
OEt OEt OEt E to  OEt
Figure 1.7. Condensation reaction in acid medium for silicon alkoxides .
• Base catalysed condensation:
This involves the attack of a nucleophilic deprotonated silanol on neutral silicate 
species, Figure 1.8.
Si O“ +  Si(OH). ^  S i- O - S i  +  HO'
Figure 1.8. Condensation reaction in acid medium for silicon alkoxides
1.2.1.3. Network formation
The structural evolution has been studied by different techniques such as ^^Si NMR 
spectroscopy, NMR spectroscopy, FTIR (Fourier transformed infiared)
spectroscopy (from different viscosities^^), Raman spectroscopy, etc.
The final structure is dramatically determined by the pH of the solution^. Brinlcer 
observed that under alkaline conditions the textures were much coarser, pore 
dimensions larger and surface area smaller than under acid conditions'^. The networks 
obtained have different properties depending on the catalyst^®.
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• In basic medium the rate o f condensation is higher than the rate o f hydrolysis and 
as a result the network is highly condensed structures as dense colloidal particles.
• On the other hand, in acid medium the rate o f condensation is lower than the rate 
of hydrolysis and the network obtained is linear and yields highly ramified 
branched structures.
1.2.2. TRANSITION METALS
1.2.2.1. Solution chemistry of inorganic precursors
When the metal cations salts, are dissolved in water they are solvated by water 
according to Figure 1.9:
xH HMZ+ + \Q -------- ► [ M-<-0 1
H H
Figure 1.9. Transition metal hydrolysis*®.
Furthermore, charge transfer occurs from the filled bonding orbital of the water 
molecule to the empty d orbitals of the transition metals leading to the following 
equilibrium which is defined as hydrolysis (Figure 1.10):
Figure 1.10. Hydrolysis equilibrium for transition metals*®.
Tliree types of ligands are present in non-complexing aqueous media: M-(0H2) aquo, 
M-OH hydroxo and M =0 oxo. In general, hydrolysis is facilitated by increasing the 
charge density on the metal.
Depending on the co-ordination of the metal, condensation can proceed by two 
nucleophilic mechanisms, either nucleophilic substitution or nucleophilic addition, 
Figure 1.11.
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OX +
Nucleophilic substitution 
-G Y  ----------- M — O -M 2 GY
Nucleophilic addition
M — GX M2— GY
X
M— 6 - M 2  GY
Figure 1.11. Condensation reaction for transition metals 
Olation is a condensation process in which a hydroxy bridge is formed between two 
metal centres. Oxolation is a condensation process in which an 0x0  bridge is formed 
between two metal centres (Figure 1.12).
GH G/  \ /  \M M M M\  / \  /GH G
Olation Oxolation
Figure 1.12. Olation and oxolation .
1.2.2.2. Solution chemistry of metal alkoxide precursors
There is a long list o f metal alkoxides used for the formation of ceramics including 
those of Hf, Y, Ce, Th, Ti, Sn, Ge, Nb, Ta and Fe. The moiphology of the final 
materials depends on different parameters such as the reactivity o f the metal alkoxide, 
the hydrolysis ratio, the solvent, the reaction temperature and the use of catalyst or 
complexing agent^^.
The chemical reactivity of the metal alkoxide in the hydrolysis is determined by the 
nature o f the metal and the steric hindrance of the alkoxy groups and more deeply by 
the electrophilic character of the metal and its ability to expand the co-ordination 
number. These systems are distinguished from silicates by greater reactivity, which 
may be due to the easy expansion of their co-ordination number as well as to their 
lower electronegativity. Thus, the metal positive partial charge, ô (M), for metals in 
various alkoxides are: Zr(0 Et)4 = 0.65; Ti(0 Et)4 = 0.63; Si(0 Et)4 = 0.32. 
Furthermore, usually the following order o f reactivity is observed: Si(0 R)4 «  
Sn(0 R)4 = Ti(0 R)4 < Zr0 4  = Ce(0 R)4 . Metal alkoxides often hydrolyse vigorously in 
contact with water, yielding oxides and hydroxides^ Acid and basic catalysts 
influence both the hydrolysis and condensation rates and the structure of the products.
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When no catalyst is used both hydrolysis and condensation occur by substitution 
mechanisms involving nucleophilic addition and proton transfer (Figure 1.13).
H - 0  +  M-OR 
H
Hydrolysis
R
O : M-OR HO-I O M-OH +  ROH
M -0  +  M-OR 
H
Alkoxolation
R
M -0 :-* -  M-OR \H
M“ 0 —M O 0 -M  +  ROM
M -0  +  M-OH 
H
Oxolation
M -0:-*"  M-OH 
H
M—O—M : o M -O-M  +  H. O
Figure 1.13. Hydrolysis and condensation o f  transition metals*®.
Chemical modification of transition metal alkoxides in order to retard the hydrolysis 
and condensation reaction rates is usually produced with alcohols, chlorides, acids or 
bases, chelating ligands, etc., permitting a major control on the reaction pathway. 
Usually, it occurs by a nucleophilic substitution between the nucleophilic reagent and 
the metal alkoxide. Figure 1.14.
XOH + M(GR) M(GR) -^ (^GX)x + XRGH
Figure 1.14. Chemical modification o f  transition metal alkoxide .
A very commonly used chelating agent is acetylacetone (acac) which reduces the 
reactivity o f the pure alkoxides such as titanium alkoxide^"^’^ .^ Particularly, when 
Ti(0 *Pr)4 is modified with acac in equimolecular mixture results in a chelated titanate 
precursor, Ti(0 'Pr)3flcac (Figure 1.15). Thus, the addition of water causes the 
preferential hydrolysis of O'Pr ligands; even a large amount of water does not 
hydrolyse all the acac ligands bonded to titanium.
H3C C K
Ti(G'Pr). + acac Pr—G-Ti-G-Pr -h 'PrGH 
o'Pr
Figure 1.15. Formation o f  chelated titanate precursor*®.
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1.2.2.3. Precursors mixing
Sol-gel processing offers the possibility to synthesise binary oxides with good 
homogeneity, the best method involves the formation of a new complex containing O- 
M-O-M’-O bonds. It can be achieved by mixing oxide precursors, mixing two metal 
salts or mixing an alkoxide with a metal salt^ .^
1.2.3. APPLICATIONS
Applications of these products are coatings, fibres, monoliths, hybrid organic- 
inorganic materials and high surface area products as membranes and catalysts. The 
most commonly found application nowadays is in coatings, examples include inlc-jet 
printing^* ,^ artistic forming of glass^^, particularly in thin coatings where the drying 
effect is avoided. Their preparation consists of spinning, dipping or spraying the sol 
before the gel is formed. This procedure offers control over the microstructure which 
is an advantage over other conventional methods^^. They are used mainly as optical 
and protective fihns^^ on different substrates such as glass, metal and plastics whose 
functions are summarised in Table 1.3^ .^
Table 1.3. Effects o f  thin films made fiom  alkoxides'^.
Substrate Function of coatings
Glass Chemical durability, alkali resistance, mechanical strength, reflective control, colouring and electrical conduction
Metal Corrosion resistance, oxidation resistance and insulation
Plastic Surface protection and reflective control
Optical coatings change the reflectance, transmission, or absorption of the substrate. 
Passive, active and non-linear optical materials, anti-reflection coatings^^, for optical 
devices are accessible by sol-gel methods^^'^\ Protective films offer corrosion and 
abrasion resistance, promote adhesion, increase strength or provide passivation or 
planarisation.
Sol-gel process allows the preparation of organic-inorganic hybrids at temperatures 
which ensure the survival of the organic component^^. This preparation of organic- 
inorganic hybrids has attracted enormous attention due to the fact that their properties 
can be tuned through the functionality or segment size of each component. Thus, this 
process is widely used with applications in high technology fields, protective coatings
U
Chapter 1. Introduction: Organic-inorganic hybrids
and sensors as well as optics, electronics, biochemical^^’^"^ and communication 
industries'^. The latter is closely linked to this work and will be discussed in detail in 
section 1.4.
1.3. TYPES OF HYBRIDS
Depending on what kind of interaction is employed between organic content and 
inorganic components these hybrids can be divided into two main classes, which are 
illustrated in Figure 1.16^.
• Type I: only weak interactions give cohesion to the whole structure (hydrogen, 
van der Waals or ionic bonds).
• Type II: the two phases are kept together by covalent bonds (covalent or iono- 
covalent bonds).
Type IIType I
inorganic precursor 
(alkoxide molecule) inorganic cluster
T
alkoxide functionalised 
by a non-labile 
polymerisable group
" 4 -
alkoxide functionalised 
by labile polymerisable 
groups
bis(organically
modified)silicon
alkoxide
- K f t -
bis(silicon end-capped) 
polymer
organic molecule 
(dye...)
organic molecule 
(surfactants...)
organic monomer organic monomer
A__^
polymer chain polymer chain
Figure 1.16. Types o f  hybrids according to the nature o f  the interactions
1 2
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The most commonly used techniques for their preparation are the sol-gel process for 
the formation of inorganic networks, the incorporation of preformed inorganic 
structures (clusters and particles) and the use of porous and layered inorganic 
materials. In the latter case, the incorporation of the organic region may be either by 
exfoliation or by introducing into the voids^^.
1.3.1. HYBRID ORGANIC-INORGANIC MATERIALS: TYPE I
1.3.1.1. Organic dyes embedded in sol-gel matrices
These hybrids include organic dyes^^ (e.g. azo dye)^^ embedded in an amorphous sol- 
gel matrix, usually silica, aluminosilicate or transition metal oxides (Zr0 2  and Ti0 2 ) 
(Figure 1.17). Depending on the inorganic matrix composition refractive index and 
mechanical properties can be tailored. Additionally, and unlike organic matrices, this 
matrix confers thermal stability on the dyes with an interaction between the sol-gel 
matrix and the dye molecules such as hydrogen bonds, van der Waals forces, etc. The 
inorganic precursor, the catalyst and the dye are mixed in a common solvent, the co­
solvent, which plays a very important role.
L - f catalyst
Figure 1.17. Organic dyes embedded in sol-gel matrices symbols as in Fig. 1.16
1.3.1.2. Organic monomers embedded in sol-gel matrices
Porous inorganic structures are filled with a solution containing organic polymerisable 
monomers and a catalyst. Afterwards the polymerisation is started either by UV 
(ultraviolet) irradiation or by heat leading to the polymer formation (Figure 1.18). The 
possibility in these systems of tuning the refractive index by changing either organic 
to inorganic ratios or the size and geometry of the holes converts them into attractive 
candidates for optical applications. A major drawback may be introduced by the 
difference in density which may produce some additional mechanical problems. The 
most common hybrid consists of a mixture of silica with methyl methacrylate
composites38
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hv or
heating
Figure 1.18. Organic polymerisable monomers embedded in sol-gel symbols as in Fig. 1.16®.
I.3.I.3. Inorganic particles embedded in a polymer
Traditionally the mechanical properties of polymers have been modified by 
introducing inorganic fillers. The structure o f this type of hybrid is displayed in Figure 
1.19,
However, the high viscosity of these systems yields heterogeneous materials due to 
agglomeration of the fillers. This problem may be addressed by the use of a suitable 
solvent; however, it involves drying techniques. For instance, MgO, AI2O3 and SiO] 
are mixed with water soluble polymers.
stirring
Figure 1.19. Inorganic particles dissolved in gels or polymers symbols as in Fig. 1.16 .
The incorporation of microscale and larger inorganic fillers has been widely explored. 
Nowadays, there is a boom in the field of nanoparticles and nanocomposites; 
however, these terms seem to be very trendy and they may sometimes be loiowingly 
misused. By decreasing the size of the inorganic filler to the nanoscale, the interfacial 
area increases, leading to new materials which require additional investigation. These 
hybrids may be used as a way o f protecting the nanoparticles in the organic polymer 
matrix such as acrylic-based polyurethane embedded with silica nanoparticles^^.
I.3.I.4. Polymers filled with in situ generated inorganic particles
A possible way to improve the homogeneity of the dispersed inorganic particles in a 
polymer involves the formation of these particles in situ. By mixing the polymer with
14
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the metal precursor in a suitable solvent and by the addition of water, 
polycondensation takes place (Figure 1.20). The mild conditions o f the sol-gel process 
allow the incorporation of inorganic particles into organic preformed polymers'^®. The 
major drawback is the poor solvating properties of the sol-gel formulation. 
Consequently, homogeneous solutions can be obtained only with a limited number of 
polymers, by the formation of weak interactions which give a mixture at the 
molecular level between both networks. The sol-gel process generates hydroxyl 
groups, which are slightly acidic and may form hydrogen bonds with e.g. polar gioups 
in the polymer chains such as -OH, -NHa^^ or -CONH2, etc.^^ These materials have 
been obtained with silica and polymers as poly(7V-vinyl pyrrolidinone), poly(A, N- 
dimethylacrylamide), poly(methyl methacrylate)"^\ poly(methyl acrylate) (whose 
stmctures are displayed in Figure 1.21"*^ ), poly(vinyl alcohol) poly(acrylic acid)^^, 
poly(vinyl chloride)^^, poly(vinyl acetate), polyamides, polyethersulfones,
hydroxypropyl cellulose"^ ,^ polymeric perfluoroalkylsulfonates 
polytetrahydrofuran'^'^ and polyesters"*^. The strong interactions between silica and 
groups in the polymer such as carbonyl arising from the presence o f hydrogen bonds 
has been observed by techniques such as FTIR spectroscopy and NMR 
spectroscopy"*^.
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Figure 1.20. Polymers filled with in situ inorganic particles symbols as in Fig. 1.16
* . . n 
/ “  0  
0  
1 ?
] = 0
poly(methyl
methacrylate)
poly(methyl
acrylate)
poly(//-vinyl
pyrrolidinone)
poly(Æ,7V-
dimethylacrylamide)
Figure 1.21. Structure o f  polymers used in composites with inorganic particles .
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1.3,1.5. Simultaneous formation of interpenetrating organic-inorganic networks
These networks are obtained from modified silicon alkoxides by the introduction of 
polymerisable groups via M-OC bonds. During the hydrolysis-condensation this 
polymerisable organic group is liberated and additionally the metal oxide is formed, 
resulting in two networks independently without chemical bonds with very good 
optical properties (Figure 1.22). Additionally, since both the co-solvent and the 
alcohol liberated polymerise, no drying is required and shrinkage does not occur"^ ’^"^ .^ 
This overall process is represented in Figure 1.23. Siloxane derivatives, which are 
shown in Figure 1.24, were synthesised by Ebelman et a l in high yields by allowing 
the free alcohol to react with SiCU with a base"^ .^
hv or 
J heating
Figure 1.22. Simultaneous formation o f  inorganic-organic networks symbols as in Fig. 1.16*^ .
Where hv represents radiation
(R O ).S i + 2 H , 0 '^   ^ ROM
SiO .ROM
R =
Figure 1.23. Hydrolysis and condensation o f  alkoxide when functionalised with labile polymerisable
groups'*’.
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Figure 1.24. Tetraalkenyl orthosilicates for the synthesis o f  non-shrinking sol-gel composites'*’ .
1.3.1.6. Attainment of ordered organic-inorganic structures
These materials offer potential applications in monodimensional and bidimensional 
conducting structures, membranes, anisotropic optical properties, non-linear optics, 
etc. and these ordered structures are becoming a goal for materials scientists. These 
materials are prepared by intercalation o f organic compounds into ordered inorganic 
hosts such as clay silicates, metal phosphates, layered metal oxides and halides 
(Figure 1.25). In particular, an interesting inorganic matrix is the vanadium pentoxide 
( V 2 O 5 )  gel, when it is prepared from V0 (0 “Pr)3 in «-propanol throughout the sol-gel 
process and with a high hydrolysis ratio it yields flat ribbons. Films exhibit a layered 
structure when the sol is deposited on a glass structure and organic molecules can be 
intercalated with a specific orientation between these layers'* .^
fh -a
soaking
Figure 1.25. Ordered structures obtained by an insertion reaction symbols as in Fig. 1.16 .
Another interesting matrix is clays since they are composed of layered silicates and 
polymers (as nylon^°) may insert between the layers^®’^  ^ or even exfoliate them.
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1.3.2. STRONGLY BONDED ORGANIC-INORGANIC HYBRIDS: 
TYPE II
The precursors utilised to prepare type II hybrids present two different functionalities: 
alkoxide groups (M-OR), which undergo hydrolysis-condensation reactions and M-C 
bonds in which their stability depends on the nature of the m etaf. They are stable 
through the hydrolysis when the metal is silicon, tin, mercury, lead or phosphorus, but 
not when transition metals are involved. The modified ceramics obtained from their 
hydi'olysis and condensation are usually called CERAMERs or ORMOSILs 
(organically modified silicates) and ORMOCERs (organically modified ceramics).
1.3.2.x. Hybrids obtained from organically modified silicon alkoxide
They may be classified into two groups, non-functional organoalkoxysilanes and 
organofunctional alkoxysilanes^^. The former has been widely developed and 
molecules such as Si(OR)4-x R' (x - 1, 2 ) (where R’ is a non-labile group such as alkyl, 
aromatic substituents, etc.) are commercially available, since their ormosils offer 
interesting properties such as low shrinkage, excellent mechanical properties and 
biocompatibility. More complex examples have also been synthesised such as 
polyfluoroalkylsilane^^’^ "^ to improve the thermal stability. In general, these network 
modifiers are studied as surface modification particles in the field of corrosion 
protection, surface treatment, membranes, chromatography and aerogels^^.
Additionally, ceramers obtained by the co-polymerisation of polydimethylsiloxane 
(PDMS) chains directly into a sol-gel formulation leads to materials with improved 
mechanical properties (Figure 1.26)^^.
TEOS
HO
Figure 1.26. Co-polymerisation o f  polydimethylsiloxane with TEOS‘^ .
When this non-labile group possesses a reactive functional group sequential chemistry 
can be performed in a two-step process. Initially, the inorganic network is formed and
18
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then these groups are polymerised (Figure 1.27), resulting in materials with a wide 
range of properties which may be tailored by varying the ratio o f organic to inorganic 
species. Methyl methacrylate, vinyl, allyl and epoxy groups have been extensively 
studied, the most commonly used are GLYMO (3-glycidoxypropyl- 
trimethoxysilane)^^’^  ^ and MEMO (3-methacryloxypropyltrimethoxysilane), whose 
structures are displayed in Figure 1.28. The latter has been homo- or co-polymerised 
with methacrylates^^ (Figure 1.29) and acrylates^^’^®’"^  ^ and their phase behaviours 
have been studied by dynamic scanning calorimetry (DSC) and solid-state NMR. 
Furthermore, both have been copolymerised with for corrosion protection.
hv or
heatingcatalyst
Figure 1.27. Synthesis o f  hybrid materials from organically modified silicon atoms symbols as in Fig.
1.16^
0
MEMO GLYMO
Figure 1.28. Structure o f  GLYMO and MEMO.
X. • XO OR o  0(CH2)3SI(0Me)3 COOR COO(CH2)3Si{OMe)3
Figure 1.29. Co-polymerisation o f  MEMO with methacrylates.
A possible application of organofunctional alkoxysilanes is their utilisation as 
coupling agents, particularly in the formation of core-shell particles for the 
encapsulation of small inorganic particles. This encapsulation occurs via the 
adsorption of the monomer on the surface followed by polymerisation; additionally, 
this modification avoids the agglomeration of the resulting particles^^. As an example 
of this method, 3-(trimethoxysilyl)propyl-coated silica particles are obtained by 
surface modification and UV co-polymerisation with different monomers. Figure 
1.30. Depending on the reaction conditions employed, different products may be
19
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obtained from some particles encapsulated in a polymer shell or one particle 
encapsulated, to just the formation of polymer particles in the solution^^.
OHHO orOH Silica Coupling PolymerisationOHHO
AgentHO OH orOH
Surface Modified Particles
Figure 1.30. Formation o f  core-shell particles^^.
Another application is in the treatment of colloidal silica particles, which co- 
polymerise with different acrylic monomers to yield transparent films for specific
optical applications^^'^'^ (Figure 1.31).
OHHO I ,0H
o
HgO
-CHgOH
H O -
■ ^ ' 'Y ‘^ v . . ' ' ' ' ' \ /S i{ 0 H )3  |_|Q
OH
OH
OH
OHHO^ I ^OH
OHHO  ^ ^OH
HO I OH
O HO
HO
OH
OH
/  /
0  O 
O >==0
m
Figure 1.31. Reaction scheme for preparing poly(acrylic)-silica hybrid polymer thin films .
1.3.2.2. Polyfunctional alkoxysilanes
They consist in organic units (R') in which two or more Si(0 R)3 groups are bonded 
through Si-C bonds which by condensation lead to microporous hybrid materials 
(Figure 1.32). For example, when two trialkoxides are bonded to the R' unit, the 
formula is (RO)3-Si-R'-Si-(OR)3, where R' consists of molecular or macromolecular 
organic units with different geometries, as rigid molecules^^, the trialkoxy groups are 
further condensed {e.g, a mixture of l,4-6w(trimethoxysilyl)benzene and 1,4-
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6 M(triinethoxysilylethyl)benzene^^. Furthermore, in the field of nanomembranes this 
organic group has been removed by calcination.
HgO
catalyst
Figure 1.32. Synthesis o f  hybrid materials from polyfiinctional alkoxysilanes symbols as in Fig. 1.16 . 
1.3.2.3. Alkoxysilanes functionalised by polymers
Many studies have been developed in this interesting kind of hybrids which present a 
wide range o f thermal, optical and ionic properties. Pioneering work was carried out 
with organically modified precursors and natural polymers such as cellulosic 
materials. Figure 1.33. Recently, reactive groups [-Si(OR)3] have been grafted to 
many oligomers and polymers to form end-capped precursors (triethoxysilyl- 
terminated polyoxazolines^^, etc,) in which hydrolysis and condensation form high- 
technology polymer materials (Figure 1.34); e.g. a polyimide-silica hybrid inorganic- 
organic composite^®.
Figure 1.33. Example o f  cellulosic-silica hybrid ceramer .
OH
HN Si(O R ),
LiCI / DMAc
NOG
HN
HN Si(O R ).
S i—
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catalyst
Figure 1.34. Synthesis o f  hybrid materials by alkoxysilanes functionalised by polymers symbols as in
Fig. 1.16^
1.3.2.4. Hybrids based on transition-metal oxide (TMO) networks
Chemical modification reactions with transition metals have been carried out in order 
to overcome the strong reactivity of the M-C bond to the hydrolysis reaction.
One method consists of grafting a silica layer by using the M-OH groups in the 
transition metal colloids (zirconia^  ^ or titania^^^) with the silicon allcoxides or 
organically modified silicon alkoxides (such as vinyl, epoxy or methacryl modified 
silane^^), leading to the formation of M-O-Si bonds. This organic layer can also react 
with organic monomers (Figure 1.35).
heatingcatalyst
Figure 1.35. Hybrid materials anchoring TMO to organics through a silica layer symbols as in Fig.
1.16^.
Another method consists of the use of complexing ligands in which water foims 
M-O-C bonds (through co-ordination^^). During hydrolysis alkoxide groups are 
removed, whereas some of the ligands remain bonded. These ligands present organic 
functionalised groups as epoxy and methacrylate, etc. Examples o f strong chelating 
ligands are acetoacetoxyethyl methacrylate and methacrylamide salicylate, (Figure 
1.36), which may be further polymerised or used as coupling agents to increase the 
compatibility of other polymers such as poly(methyl methacrylate)-titania hybrid 
modified with aciylic acid or allyl acetyl acetone^" .^
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methacrylamido salicylate 
(MASA)
acetoacetoxy ethyl 
methacrylate (AAEM)
Figure 1.36. Complexations agents for transitions metal alkoxides.
1.3.2.5. Hybrids based on template building blocks
A new approach for the modification of inorganic fillers or particles involves the use 
of a variety o f polyhedral oligomeric silsesquioxanes (POSS) produced from 
structurally well defined cages represented by the generic formula (RSiOi,5)n = 6,8,lo,... 
For example, the structure of one of the most common nanocluster, RgSigOn, is 
displayed in Figure 1.37^\
'" -S i
: 6 \ O
R
R R
Figure 1.37. Structure o f  RgSigOia nanocluster (where R =  unreactive alkyl substituent and R' is a
reactive site)‘^ .
R' is a very important parameter in determining the final properties. If there is just one 
on the surface it will lead to linear polymers (Figure 1.38) whereas if  more than one is 
present crosslinked systems will be produced^^. Additionally, ternary polymer hybrids 
have been prepared having organic polymer and POSS^^.
hv or
heating
Figure 1.38. Hybrids based on template building blocks symbols as in Fig. 1.16^.
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1.3.2.6. Ordered hybrid materials of class II:
These hybrids appear as potential materials with improved physical properties. The 
simplest procedure consists of arrangement by poling or mechanical deformation of 
the disordered isotropic structures. Another procedure consists of the 
functionalisation of the polymer with groups which allow easy incorporation of the 
polymer, as shown in figure 1.39.
catalyst 41-JL
Figure 1.39. Ordered hybrid materials symbols as in Fig. 1.16^.
1.4. APPLICATIONS IN OPTOELECTRONICS
The developments in optical communications have been considered as one of the most 
impressive events o f the second millennium^^. The advantages in microelectronics are 
growing in our life styles, thus computers require more capacity and faster processing 
and additionally, smaller, faster, more functional and more reliable electronics 
products are required. Nowadays, improvements in microelectronics have been 
produced in a very short period of time. However, owing to the velocity of the 
electrons there will be a limit and therefore, photons will be the transport medium of 
the future. Optical interconnects on-chip are more complicated because this 
technology must be compatible with the semiconductor process, and therefore hybrid 
technologies have been explored where the integration of microoptical elements, like 
waveguides, on semiconductor, glass or quartz wafers can be realised by UV 
lithography^^.
There are two main approaches: The planar lightwave circuit approach, which 
involves silica-on-silicon technology; the other possibility is to fabricate the optical 
interconnects on a fully-processed wafer forming multi-chip-modules, which will 
be utilised in this research.
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Recognising this trend, semiconductor, component, packaging and assembly 
industries have become key areas for development.
The production of intelligent devices involves the development of the isolation 
regions and the electrical contacts of the device. Thus, a demand emerges on the 
fabrication techniques, which requires thin film deposition of insulators and metals^^. 
Furthermore, when sizes are reduced the probability of contamination or damage 
increases and to address this problem, microelectronic devices are encapsulated in a 
plastic or ceramic package and this packaging step is acquiring greater importance.
Modem high frequency optoelectronic systems make use of a wide range of 
optoelectronic, microwave and millimetre wave devices. For frequencies up to 100 
GHz there are many applications, such as high bit rate telecommunication circuits, 
radio-over-fibre systems and antenna signal distribution, examples of Australian 
antennae and their chips are displayed in Figure 1.40. Packaging of microwave and 
mm-wave circuits requires great care in order to avoid the possibility of parasitic 
components compromising circuit performance^^. The addition of optoelectronic 
devices to the package, with the additional complexity of ensuring good optical 
coupling, adds further constraints to the circuit and package design.
Figure 1.40. Image o f  an Australian telescope (left scale in Km) and its inP chip (right scale in pm) .
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The advances emerging in the field o f optoelectronics have induced the rapid 
development of optical interconnections and have also generated a need for optically 
transparent materials for packaging. The plastic encapsulation of the chip is critical to 
the reliability of the package. The most remarkable properties which this material 
should embody apart for high optical quality and transparency^^’^ ,^ include low 
thermal expansion, sufficient rigidity to protect the encapsulated structures, heat 
resistance, ease of processing^"^ and control of the refractive index and the thickness.
Polymers embody potential properties for optoelectronic applications as inexpensive 
materials, easy processing technology, acceptable loss performance^^, low dielectric 
constant^^, transparency, adhesive properties, lightweight, possible molecular tailoring 
through controlled synthesis^^’^ .^ Examples include polyimides^^'^^, polycarbonates, 
benzocyclobutene and polyacrylates for this application. Poly(methyl methacrylate) 
has been widely explored^^ for the fabrication of optical fibres and planar waveguides. 
However this material presents some drawbacks such as low thermal stability and 
increased loss which make it unsuitable for telecommunication applications^^.
In contrast, silica glass shows potential for optical communications^^ due to its low 
optical losses, low dielectric constant^^, and ability to tune light scattering and its low 
refi-activity. Furthermore, sol-gel processing is a promising deposition technique for 
fabrication o f silica on silicon^^’^ "^ , photonic components and highly oriented sol-gel 
(Pb, La) TiOa thin film optical waveguides^^. The major drawback is the shrinkage, 
which may be circumvented by the use of new composite inorganic-organic materials 
based on crosslinlced polymers.
In recent years, organically modified silica materials have begun to receive attention 
for integrated optical applications. Ormosils offer some advantages, such as the 
possibility of required thickness, about microns, in a single step, they can be made 
photosensitive for direct UV writing of waveguides^^ and confer compatibility with 
both organic and inorganic dopants for active device applications. There is much 
interest in the field of optoelectronics to apply these materials as passive or active 
layers in optoelectronic devices^ '^^ '^^^, including protective coatings, high refi*active
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index films, contact lenses, thin film transistors, light-emitting diodes, solar cells, 
optical waveguides materials^^’^ ®^ and photochromie materials.
Owing to the advantages that organic-inorganic hybrids offer to circumvent the 
drawbacks associated with polymers and ceramers, these materials have been studied 
for this application.
The synthesis of poly(methyl methacrylate)/inorganic oxide has been widely 
explored. On one side, poly(methyl methacrylate) offers excellent optical properties, 
and additionally, the mechanical and thermal properties are improved by hybridisation 
with silica, titania or zirconia^^’^ "^ . Consequently, the synthesis of silica-acrylic hybrids 
via sol-gel synthesis and photopolymerisation has been considered for the protecting 
material. It might offer improved compatibility with the fibre and the chip substrate 
and furthermore, properties may be tuned by varying the ratio of organic to inorganic 
components. The range of monomers available offers the potential for refractive index 
control in the hybrid by varying the composition. These properties are based on the 
network structure of inorganic matrix linking to organic domains. Organic 
polysiloxanes exhibit a variety of unique properties for the application to future 
optoelectronic devices, their refractive indices lie in the range 1.6-1.4^^. This range of 
materials has been expanded with the synthesis of polyacrylate-titania and hafhia 
hybrids. Thus, using sols prepared from titanium (IV) and silicon alkoxides, it is 
possible to offer refractive indices o f fibre coatings in the range from 1.4-2.2^^\ 
Besides, UV curing provides a rapid processing route and photopolymerisable liquid 
encapsulants offer advantages over the traditional transfer moulding process, due to 
the lower thermal stress involved.
When evaluating the other material which will glue the chip to the glass, it is not only 
necessary to consider its bonding abilities, but also its optical compatibility with the 
bonding substrates. It is necessary to match refractive indices o f the materials to be 
bonded to sustain good optical properties and prevent optical distortion^^, for this 
multichip in the range of 1.5 (glass) to 3.5 (chip). Epoxy resins offer an ability to 
bond well to various materials including metals, glass, ceramics, wood and other 
polymers and have been used as optoelectronic adhesives (Figure 1.41). Additionally, 
they have the versatility to be modified by varying the properties such as thermal
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stability, refractive index and flame retardance, etc^^, The refractive index depends 
especially on the presence of heteroatoms (Ti, Zr) and, in order to broaden the range 
o f refractive index o f the epoxy, nanoparticles of zirconia and titania have been 
incorporated into the resin.
coating
substrate
wire epoxy encapsulant
^ substrate
Figure 1.41. Epoxy resins have applications for flip-chip or flip-on-board encapsulation .
1.5 AIMS OF PROJECT
Thus, a collaborative project emerged in an attempt to contribute to the development 
o f this novel, fascinating and multidisciplinary area. A lot of effort has been made on 
designing and building optoelectronic multichip modules on glass substrates for 
operation in the frequency range 1-100 GHz (Figure 1.42) for which associated 
applications have already been mentioned. Glass was chosen because it allows the 
fabrication in the same substrate of both optical and electrical waveguides. In this 
multidisciplinary research, from the chemical point of view, this part o f the project 
has been focused on the encapsulant material. The function of this material consists in 
the protection o f the chip and the waveguides as well as in holding the chip in place.
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FIBRE
POLYACRYLATE-HYBRID
'J ' Â#*»« ^  JÈm .
HEAT SINK 
WELL
mm
HEAT SINK
Figure 1.42. Scheme o f  millimetre-wave optoelectronic multichip modules.
The packaging of the above chip consists of two main materials:
• The material which will hold the chip on place and furthermore will glue to the 
glass and waveguide, which in the Figure 1.42 is marked on black.
• The material which will cover the materials on the surface of the multichip as well
as the chip, which is marked with diagonal lines in the Figure 1.42.
Polymers and ceramers have been studied as optoelectronic packaging materials, but 
both show drawbacks which may be circumvented by using organic-inorganic 
hybrids.
The plan, which has been adopted, is summarised in Figure 1.43.
PACKAGING
ACRYLICS EPOXY
PA-SiQz nano-Ti0 2
PA-TiOz nano-Zi0 2
PA-HfOj
Figure 1.43. Scheme o f materials studied for the packaging devices along this research, where PA
means polyacrylates
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The aims of this project were therefore to produce a novel material o f high optical 
quality and transparency, low thermal expansion, high rigidity, high thermal resistant 
(>100°C, preferable 200°C) and with controlled refractive index (1.4<n<3.5) and 
thickness.
1.6. STRUCTURE OF THE THESIS
The structure of this thesis consists of 6 chapters to enable good understanding and 
easy reading:
• The first consists of the background to the subject in order to set the reader on this 
research scenario. Furthermore, the aims o f this thesis are also described.
• The second chapter focuses on a general overview of the characterisation 
techniques utilised in order to characterise the products synthesised.
• The third chapter includes the synthesis and characterisation o f polyacrylates and 
polyacrylate-silica materials.
• This first group of materials has been extended with the synthesis and 
characterisation of polyacrylate-titania/hafhia materials which are described in 
chapter four.
• The fifth chapter includes the curing and characterisation of epoxy resins as well 
as titania and zirconia modified epoxy resins.
• Chapter six will present general conclusions and proposals for further work.
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2.1. REFRACTIVE INDEX
Refractive index is a key property of the materials synthesised in this work, and even 
more importantly is the tailoring of this parameter in order to achieve good optical 
properties and to prevent any optical distortion in the final multichip modules.
Optical properties describe the interaction of materials with light. The most 
fundamental optical property for a polymer is the refractive index, n, which is also 
used as a parameter to estimate other optical and electrical properties^. The refractive 
index for a polymer is the ratio of the velocity o f light in vacuum to the velocity of 
light in the material and is thus the change in direction of light rays passing from one 
medium to another of different density. It is often described as the 'bending of light'. 
This phenomenon is important for coatings and other applications. When light travels 
through a medium to another material of lower refractive index, the light is bent 
towards the material of higher refractive index^. The refractive index is always larger 
than 1.0 because the light slows down as a result of the interactions with the atoms in 
the material^.
Figure 2.1 shows a light ray passing from one medium into another of different 
refractive index where w/> « 2  and the angles are related to the refractive index of each 
medium by Snell's law"^  (equation 2.1).
Wj sin^i =  « 2  sin  ^ 2  (Eq. 2.1)
This equation tell us that i f  «7 >«2  therefore <9/.
Figure 2.1. Incident light oriented at an angle less than the critical angle .
In Figure 2.2 it is shown that «7>«2 and 62 =
In this case, Oi has been increased to the point that the light does not penetrate the 
second medium, but propagates along the interface. This particular value of 6} is 
called the critical angle 0c ,
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Therefore, if  My is known and it is possible to determine the critical angle, then «2 will 
be identified from equations 2.3 and 2.4.
Mj sin j^ = «2
sin6>.
(Eq. 2.2) 
(Eq. 2.3)
Figure 2.2. Incident light oriented at an angle equal to the critical angle .
Any further increase in 9i will cause the total reflection of the light back into medium 
1 as shown in Figure 2.3.
Figure 2.3. Incident light oriented at an angle greater than the critical angle .
Factors which affect the refractive index are structure, molecular weight and 
functionality of the polymers. The atoms act as obstacles to a beam of light and slow it 
down, the value o f n increases with increasing amount of material per unit volume. 
Thus, fluorinated polymers often have very high densities and low refractive indices. 
On the other hand, the densities o f polymers with aromatic rings are not very high and 
they have large refractive indices^. The value of n depends also on the wavelength of 
measurement, decreasing very slowly with increasing wavelength^.
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2.1.1. ELLIPSOMETER
2.1.1.1. Introduction^
Ellipsometry is a convenient and accurate technique for the measurement of 
thicknesses and refractive indices. When a polarised electromagnetic wave is incident 
upon a reflecting surface, the state of polarisation is changed; the optical properties of 
the surface can be deduced from the measured changes in the polarisation state. The 
basic idea of ellipsometry is to use the difference in reflection coefficients of two 
orthogonally-polarised electromagnetic waves commonly called p- and s-polarised 
waves. If the initial light were linearly polarised and had both p- and s- components, 
the polarisation of the reflected light would become elliptical, which gives the name 
to the method (Figure 2.4). This is caused by a phase shift of one wave in comparison 
to the other and the difference in reflection depends on the values of dielectric 
constants and also on surface topology. This elliptical light can have different 
properties depending on the amplitudes and the amount of phase shift between the 
two phases.
1. linearly polarised light
p-plane
s-plane
3. elliptically polarised light
p-plane
2. reflection of sample
Figure 2.4. Geometry o f  an ellipsometric experiment, showing the p- and s-directions.
2.1.1.2. Apparatus
The apparatus scheme is shown in Figure 2.5 and it consists of a laser (typically a Xe 
lamp for the UV/Vis spectral range), a polariser and a quarter wave plate which 
provide a state of polarisation which can be varied from linearly polarised light, 
elliptically polarised light to circularly polarised light by varying the angle of the 
polariser. The beam is reflected off the layer of interest and then is analysed with the
38
Chapter 2. Characterisation techniques
analyser. The analyser is an optical element which measures the angle between the 
transmitted polarised light and the plane of incidence. The detector may be a 
photomultiplier or a photodiode.
laser detector
analyserpolariser
sample
Figure 2.5. Scheme o f the component part o f  an ellipsometer.
Drude^ was the first to introduce the concept that only two parameters are necessary 
to characterise the elliptically polarised light reflected from a film-covered substrate. 
He introduced the amplitude ratio and the phase difference A. From the instrument 
there are two angles measured, P and A„. These angles are related to the polariser and 
analyser, respectively.
The change of the light as it is reflected by a surface will have characteristic values of 
the P and A„ angles depending on the thickness of the layer and the refractive index. P 
and An angles are mathematically translated into the parameters A and In an 
experiment (Figure 2.6) the ellipsometric parameters of A and W are determined as a 
function of the wavelength (X), angle of incident ((|)), or combination of these 
parameters. A model is designed of the optical system which allows prediction of the 
ellipsometer angles, particularly for a transparent dielectric. The Cauchy relation (Eq. 
2.4) gives an expression for the refractive index depending on the frequency. This 
equation allows us to know the refractive index at different frequencies and this 
model has been used in order to attain refractive index and thicknesses of the 
materials in this study. Both results, experimental and theoretical are compared and 
the model is adjusted until minimal differences are found.
B Cn ( Â )  =  A — -  H— -  +  e tc . (Eq. 2.4, where A, B, and C are constants for the material ).À À
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Develop a physical model to describe 
the optical constants o f the sample.
Compare the predictions o f the model 
to experimental values of \}/ and A.
Adjust the model to obtain the 'best fit' 
between predictions and experiment.
Measure \|/ and A 
for various X, (|) and times.
Figure 2.6. Experimental procedure for ellipsometrical measurements.
Furthermore, refractive index is also temperature dependent and the knowledge of the 
variation of refractive index with the temperature is crucial for the use o f the material 
in optical applications^. This technique could be used in order to determine the Tg by 
analysing the refractive index and thiclmess when the material is heated at a constant 
rate. When a thin film is heated, it would be expected that the thickness would 
increase while the refractive index decreases marking an inflection point at the Tg.
2.2. MICROWAVE LOSS
Electrical power losses are important for electronic applications with frequencies up 
to 100 GHz. Most of the molecules are polarisable in an electric field, the loss factor 
or dissipator factor is determined by the degree of polarisation and the energy 
required to achieve it. When a material is easily polarised by a small electronic field it 
has a high loss factor^. These materials are polar or asymmetrical materials, such as 
epoxy resins or methacrylates; on the other hand, silica glass and its composites 
present low losses and are very useful for optoelectronic devices^.
Dissipation factor, loss factor, and tanS^^ represent the tendency for a dielectric to lose 
electrical energy. This characteristic is closely connected with the polarity of 
molecules and the structure of a substance^
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2.2.1. DIELECTRIC MATERIAL
A material in which it is possible to store electrical energy by the application of an 
electric field is loiown as dielectric material. When an alternating voltage is applied to 
a dielectric material a current, called a displacement current, flows through it causing 
energy to be stored in the dielectric material. The dielectric constant, s ’, is defined as 
the ratio of the capacitance o f a material in a given electrode configuration to the 
capacitance of the same electrode configuration with a vacuum as the dielectric.
In a perfect dielectric, the displacement current leads the voltage by a temporal phase 
angle of 90°. Since no insulation material is perfect, the phase angle is less than 90°, 
the angle which it differs from 90° is called 6*, the loss angle and its tangent tanô^ 
called loss tangent or dissipation factor indicates directly the fraction of the stored 
energy which is converted into heat by the dielectric. The displacement current can be 
resolved into 2 components, the charging current, /c, and the effective heating current, 
le, which are illustrated in Figure 2.7 Ic leads the applied voltage by 90°, a%d 7g is in 
phase with the applied voltage. The loss tangent or dissipation factor can be 
determined by equation 2.5.
=  ~  (Eq. 2.5)
4
Applied voltage 
Figure 2.7. Representation o f  charging current components.
In the simplest form of dielectric heating, which is shown in Figure 2.8, the material 
to be heated is placed between 2 metal plates. A generator applies to the plates a high 
frequency voltage that sets up an electric field in and around the material and thus the 
material absorbs energy.
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Metah^
platess.,^ material to be heated
Figure 2,8. Scheme o f  dielectric heating.
High
frequency
generator
An insulation material (dielectric) can be represented by a combination of linked 
resistance and capacitance as is displayed in Figure 2.9.
R .
F igu re 2.9 Representation o f  a dielectric.
Where C represent capacitance and Rs resistance.
As voltage builds up across the capacitance, the current will decrease. The better the 
dielectric the lower the series resistance and the smaller the angle ô*.
2.3. THERMAL ANALYSIS
Thermal analysis is defined as the measurement o f the change in chemical or physical 
properties of a sample as a function of temperature. This information can be used to 
characterise polymer, organic or inorganic chemicals, metals or other common classes 
o f material. The parameter monitored may range from mass or a dimension to an 
optical or acoustical property (Figure 2.10). For example differential scanning 
calorimetry (DSC) measures heat capacities (Cp)
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V
Cp
T
Figure 2.10. Schematic representation o f  the dependence o f  volume (V) and Cp with temperature'^. 
Where Cp represent heat capacity, Tg glass transition temperature and T temperature.
2.3.1 DIFFERENTIAL SCANNING CALORIMETRY (DSC)
In DSC the directly measured quantity is a power compensation between two cells, 
one containing the sample and the other a thermally inert reference. It is schematically 
represented in Figure 2.11.
The two cells have individual heaters and it is the difference between the power 
output of these that is needed to maintain the same programmed temperature in each 
cell^ "^ . At a melting point, for example, the sample heater output must increase 
considerably as heat of fusion is supplied.
sam ple AW empty
individual 
heaters
Figure 2.11. Schematic representation o f  DSC'^.
This method can be used to measure specific heat capacity and transition phenomena, 
heat of transition and reaction, activation energies, and rates o f crystallisation, 
reaction, and melting" .^ A common DSC curve e.g. of a polymer is represented in
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Figure 2.12, where it is possible to observe the glass transition temperature where the 
amorphous solid becomes rubbery. This transition is accompanied by an increase in 
the heat capacity of the sample which is observed as a change in the base line.
0.4
Crystallisation
0.2
0.0
■S'
Glass TransitionSX
-0.1
Melting
- 1.0 200 250 300
Universal V3.4C TA Instrumonts
100 150
Temperature (°C)ÊXO Up
Figure 2.12. Common DSC thermogram e.g. o f  a polymer.
This technique allows determining the E& for exothermic reactions by using the 
isothermal kinetic software package.
2.3.2 DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA)
Dynamic mechanical thermal analysis (DMTA) is a widely used technique for the 
characterisation of polymeric materials. This technique gives information about 
dynamic modulus (E ’), the loss modulus (E ”) and the mechanical damping or internal 
friction {Tan5) o f a material when subjected to a dynamic oscillation^^. The method 
has great sensitivity in detecting changes in internal molecular mobility and in 
probing phase structure and morphology.
2.3.2.I. Principles of the technique^^
The response o f a sinusoidal stress signal applied to a material is dependent on the 
visco-elastic nature of this material.
When a sinusoidal stress is applied to:
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• a perfectly elastic solid the deformation occurs exactly in phase with the applied 
stress. Thus, elastic materials under mechanical stress store the energy and it will 
be used to recover their original shape after removal of the stress;
• a completely viscous material will respond with the deformation lagging 90° 
behind the applied stress. This mechanical stress is dissipated completely as heat, 
it occurs in liquids;
• in a visco-elastic material the deformation will lag behind the stress by some angle 
<90°. Viscoelastic polymers exhibit both elastic and damping behaviour.
The magnitude of the loss angle is dependent upon the amount of internal motion. The 
storage modulus, E \  is the elastic response and corresponds to completely 
recoverable energy whereas the loss modulus, E '\  is the viscous response 
corresponding to energy lost through internal motion. The tangent o f the loss angle. 
Tan Ô, is equal to the ratio of energy lost to energy stored per cycle (Eq 2.6).
=  (E q.2.6)storage modulus E"
The DMTA instrument imposes a sinusoidal stress on a sample in the bending, shear 
or tensile mode and determines the sample modulus and Tanô as a function of 
temperature and/or frequency. In the bending mode, the sample is in the form of a 
rectangular bar clamped rigidly at both ends and its central point vibrated sinusoidally 
by the drive clamp. The response of the sample to oscillating forces allows the 
determination of the storage modulus E  ', and the loss modulus E ’ '.
One of the most common applications is the use of this technique for the 
determination of the glass transition temperature, Tg. This transition is defined by a 
maximum in the peak of Tanô and by a decrease in the peak of E \  both parameters as 
function of temperature. An example of a thermogram is shown in Figure 2.13 where 
it is possible to observe the Tg at around 210°C.
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Figure 2.13. Example o f  a DMTA thermogram.
This technique can be used also to correlate properties such as tenacity, impact 
resistance, rigidity, modulus and damping; to obtain data for exploring additive 
effects; to evaluate the miscibility of polymer blends^
2.3.3. FACTORS INFLUENCING Tg '
Both techniques, DSC and DMTA, have been used in this research to measure Tg 
values. These values depend on the nature of the polymer and the major features are 
mentioned, which are:
• The free volume of the polymer which is the volume of the polymer mass not 
actually occupied by the molecules themselves, the higher it is the more room the 
molecules will have in which to move around and thus lower the Tg.
• The attractive forces between the molecules, the more strongly they are bound 
together, the greater the thermal energy required to produce motion, and the 
higher the Tg.
• The internal mobility of the chains, meaning their freedom to rotate about bonds. 
Chains with multiple bonds in the backbone and aromatic rings have extremely 
stiff chains and high Tg.
• The effect of crosslinking is to restrict chain mobility and cause an increase in the 
Tg. In polymer blends, depending on the degree of mixing, it is possible to have 
two or one Tg. Taking into account this measure it is possible to loiow the degree
46
Chapter 2. Characterisation techniques
of mixing. Thus, the measurement of glass transition temperature (Tg) is a useful 
method for investigation of the miscibility o f blend systems^^.
2.4. INFRARED SPECTROSCOPY
Infrared (IR) spectroscopy uses radiation whose energy is sufficient to cause vibration 
and bending of the bonds in a molecule. As light of the right energy interacts with the 
molecule, the molecular bond starts to stretch or bend. As the number of atoms 
increases, the number of modes of vibration increases. As these vibrations take place, 
the atoms move relative to each other, which makes the dipole moment change^ \
2.4.1. THE INFRARED SPECTROMETER
The infrared spectrum of a substance is a giaph which shows how the absorbance 
changes with wavelength, the instrument used to obtain this spectrum is an infrared 
spectrometer^^.
A Fourier transform infrared (FTIR) spectrometer^^ is the most widely used at the 
moment. Light including the all frequency range, usually 5000-400 cm"\ is split into 
two beams. Either both beams pass through the sample and one traverses a longer 
path than the other or just one beam is passed through the sample. Recombination of 
both beams produces an interference pattern, which represents the sum of the entire 
interference pattern for each wavelength in the beam. It is analysed mathematically 
using Fourier transforms to determine the individual frequencies and their intensities 
to give a plot of intensity versus frequency. When a sample is placed in the beam, it 
absorbs particular frequencies, so that their intensities are reduced in the 
interferogram and the ensuing Fourier transform is the infrared absorption spectrum 
of the sample^" .^
FTIR spectroscopy is versatile and extensively used for the study of polymer 
structures as well as polymer reactions (degradation, crosslinking, etc.). Furthermore, 
it is useful in the study of polymer blends and an important factor, which favours this 
extensively used technique, is that both soluble and insoluble polymers can be 
analysed"^.
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2.4.2. ATTENUATED TOTAL REFLECTION (ATR)
When a light beam in a medium of high refractive index is reflected at the interface 
with a medium of lower index, eventually the wave returns to the first medium 
making the reflection total. In the case of the evanescent wave when propagating in 
the second medium it is slightly absorbed, the reflection will no longer be total but 
attenuated. This is called attenuated total reflection (ATR).
This attenuated beam can give us information on the second medium. Since the 
penetration depth of the reflected beam is approximately its wavelength, the effective 
path length is small and thus the absorption will also be small. ATR is useful for 
studying surface coatings or other aspects related to polymer surfaces^^.
2.5. RAMAN SPECTROSCOPY'*
Raman spectroscopy measures the inelastic scattering of photons. The shifts in 
frequency observed in Raman spectroscopy do not always correspond to observable 
IR absorption bands because the two processes are governed by different selection 
rules. Infrared absorption occurs when the radiation interacts with a normal mode of 
vibration in which the dipole moment of the molecule varies with time. Raman 
scattering occurs when the molecular motion produces a change in the polarisability 
of the molecule.
The IR and Raman spectra o f molecules are widely used for structure elucidation. 
There are differences in relative intensities of the various functional group peaks 
therefore the more unsymmetrically substituted a given bond, the greater the IR 
intensity and the weaker the Raman spectrum. On the other hand, the more 
symmetrically substituted the groups, the stronger the Raman scattering. Thus, the 
water absorption is negligible in Raman in comparison with FTIR making this 
technique very useful for studies in aqueous solutions. Both techniques have been 
used to follow evolution o f inorganic framework structures'^.
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2.5.1. CONFOCAL MICRO-RAMAN
Micro-Raman spectroscopy is a useful tool in the study of microscope samples. The 
confocal micro-Raman arrangement uses an adjustable pinhole to block any light 
from outside the focal plane. The confocal aperture is designed to collect the Raman 
scattering only from a distinct laser focal volume within the diffraction limit. Thus it 
is possible to select and separate a small volume element in the sample from the 
surrounding material, in contrast to the entire field o f view uniformly illuminated and 
observed in conventional micro-Raman spectroscopy^^.
This technique allows infoimation to be obtained from thin layers by discrimination in 
depth and a maximum spatial resolution of approximately 2 microns can be achieved. 
This technique is useful in order to optimise UV formulations and curing 
conditions^^’^ ®, to study depth profiling of small molecules in the overall thickness of 
dry latex films^^ as well as to study the spectrum of hybrid polymer films^^.
2.6. NMR SPECTROSCOPY
Nuclear magnetic resonance (NMR) spectroscopy is a method highly important in the 
study of polymers. A nucleus possesses a magnetic moment when its spin quantum 
number, /, is non-zero, it occurs when the mass number and atomic number are not 
both even. Thus, when this nucleus is placed in a magnetic field of strength Bo, 
occupy quantified magnetic energy levels, called Zeeman levels, which number is 21 
+1. Properties of magnetic nuclei which are interesting in the study o f polymers are 
displayed in table 2.1^^.
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Table 2.1. Nuclei o f  interest for Polymer NMR Spectroscopy.
Isotope Natural abundance, % Spin, I Relative sensitivity
‘H 99.9844 1/2 1.000
^H(D) 0.0156 1 0.0096
1 3 c 1.08 1/2 0.0159
14n 99.635 1 0.0010
15n 0.365 1/2 0.0010
I^F 100 1/2 0.834
""Si 4.7 1/2 0.0785
31p 100 1/2 0.0664
NMR
Thus, is the only naturally occurring isotope of silicon with non-zero spin ( /  = 
1/2). Its low natural abundance (4.7%) and low NMR sensitivity (7.84*10'^) place it 
in the group o f 'rare' spin nuclei. However, substantial advantages in high resolution 
NMR of solids, overall as a combination of cross-polarisation (CP) and magic angle 
sample spinning (MAS), have led to the use in many applications^"^. Magic angle 
sample spinning consists of the rotation of the sample mechanically about an axis 
which forms "magic angle" 54.7° with respect to the external magnetic field. 
Cross-polarisation apply the polarisation between any abundant and rare spin pair.
^^Si NMR spectroscopy is a structural probe in organosilanes (R3_nSiOn)x and 
siloxanes. The observed chemical shift depends on the degree o f condensation of the 
silanol group. The region of chemical shifts for organosilanes is shown in Figure 2.14. 
and for siloxanes are displayed in Table 2.2 along with their structure.
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Figure 2.14. ^^Si Chemical shift ranges for siloxanes and organosilanes 
Where R is an organic group.
Table 2.2. Structuies and chemical shifts o f  siloxanes^'^.
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The most abundant isotope of carbon which atomic weight is 12 has no nuclear spin 
and thus is not observable in NMR experiments. Isotope 13 has a nuclear spin of 1/2 
however is abundance is 1.08, low enough to make spin-spin coupling
interactions unlikely and the spectra normally consist of singlet signals. Besides its 
NMR sensitivity is low (0.0159)^^. However, the currently available instruments are 
capable o f generating spectra of samples containing less than lOOmg containing 
carbon in natural abundance. NMR allows the direct observation o f molecular 
backbones. A range of shieldings is represented in figure 2.15. The total range of 
shieldings is more than 600 ppm^^.
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Figure 2.15. *^ C Chemical shift ranges for neutral organic compounds^^.
2.7. COATING TECHNIQUES
SPIN COATING
Spin coating is a technique which permits the formation of a thin and homogeneous 
liquid film, A substrate is spinning at 200-4000 rpm, while the sol is deposited in its 
centre. The centrifugal force caused by the rotation spread out the sol on the substrate. 
The spin rate is influent in the film thickness. Thus, when the speed increases the 
resultant films are thinner coatings. This technique was used in the preparation of 
films for this work. The substrate was silicon film and it was spinning at 2000 rpm.
BAR COATING
This technique is used to prepare thin films. It involves dropping o f the liquid on top 
of the substrate and homogeneous movement of a specific bar through the substrate to 
obtain a homogeneous film as represented in figure 2.16. There are different bars with 
different ridged spacings, which lead to different thicknesses. For this research the 
substrate was glass slides and the bar corresponding to 20 pm film.
Substrate
Figure 2.16. Schematic representation o f  bar coating technique.
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3.1. INTRODUCTION: UV POLYMERISATION
Radiation curing is a term which defines the conversion by radiation of a liquid into a 
solid or a change of the physical properties of a polymer. The UV region in the radiation 
spectrum can be observed in Figure 3.1. This radiation can be classified depending in the 
wavelength into three types: UVA (315-380 run), UVB (315-280 run) and UVC (280-100 
run)'.
X -Pays
GammaP ays
V isible MicioYfave
Padio
W a v e l e n g t h  ( c m )
Figure 3.1. Radiation spectrum o f light .
Photopolymerisation is the utilisation of electromagnetic radiation as the energy source 
for polymerisation. In this process, the light is absorbed by the system and utilised for the 
formation of new chemical bonds. This may be achieved by the use of photoinitiators. 
Absorption of light by a molecule is determined by the types of bonding. It occurs when 
the energy of the photon matches the energy necessary for the electronic promotion, from 
either a bonding or non-bonding orbital to an antibonding orbital. Usually, the bonding 
molecular orbitals are n and non-bonding molecular orbitals are n-orbitals. If one 
considers the carbonyl group, displayed in Figure 3.2, which possesses both orbitals, 
electrons from these orbitals are promoted into an*  antibonding orbital.
^  Orbitals 
n Orbitals
Figure 3.2. Scheme o f n and n orbitals in a carbonyl group .
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Photoinitiators are compounds which, upon absorption of photons of appropriate energy, 
produce species which initiate polymerisation by addition to monomers. Initiators are 
classified depending on the type of polymerisation they initiate, such as free radical, 
cationic or anionic. Free radical initiators have been subdivided into two types, denoted 
type I, in which initiator radicals are produced by an unimolecular process, and type II, 
where a bimolecular reaction is involved. However there are a few systems which cannot 
be classified.
When type I initiators are irradiated, they undergo a a-cleavage or less commonly P- 
cleavage reaction to yield two radicals.
The earliest type I photoinitiators used were benzoin and benzoin ethers, whose 
intramolecular cleavage leads to benzoyl and alkoxybenzyl radicals (Figure 3.3). There is 
a high probability for the benzoin radical to initiate the polymerisation, although a 
substituted alkoxybenzyl radical is less reactive. The reactivity o f benzoin derivatives has 
been found to be more efficient than benzoin itself, predominately determined by the 
nature of the substitution of the a-carbon atom {i.e. adjacent to the carbonyl group). The 
maxima absorption of those which are widely employed lie in the region 330-350 nm.
= x  O OR
u c j  \ _ J
hv OR
Where R =  alkyl or H
Figure 3.3. a-Cleavage o f  a benzoin ether\
The most important group of this type of photoinitiators is the alkylarylketones, due to 
their high reactivity and thermal stability^. They undergo a-cleavage to give tertiary 
hydroxyalkyl radicals. A particularly widely used example is 1- 
hydroxycyclohexylphenylketone, whose cleavage is shown in Figure 3.4. The principal 
absorption bands have Xmax at ca. 243 and 327 nm.
Figure 3.4. a-Cleavage o f  1-hydroxycyclohexylphenylketone 16
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a-Aminoalkylphenones constitute a relative new class of type I photoinitiators, of which 
the most important are para-substituted by electron donating groups and they shift the 
absorption above 300 nm.
Acylphosphine oxides were introduced a few years ago and they cleave to give 
substituted benzoyl radicals and phosphorus centred radicals such as bis-{2,4,6 
trimethylbenzoyl) phenyl phosphine oxide (Figure 3.5). The latter acts by fragmentation 
giving rise to phosphonyl oxide radicals, which are very reactive. Acylphosphine oxides 
proved to display very fast photolysis and they absorb in the region from 350-400 nm. 
Hence there is a reduction in the UV/visible range over which radiation can penetrate into 
deeper layers. Both o f these radicals prove to be very reactive and capable o f initiating 
the polymerisation of a large variety of monomers, such as acrylates. Furthermore, they 
show good solubility in acrylate monomers and deeper penetration and therefore, good 
uniformity through cure^.
Figure 3.5. a-Cleavage o f  bis{2,A,6 trimethylbenzoyl) phenyl phosphine oxide*.
Although p-Cleavage photoinitiators are less common, an example is displayed in Figure 
3.6.
Figure 3.6. P-Cleavage photoinitiator*.
Type n  photoinitiators lead to an atom or electron abstraction from a suitable donor 
molecule called a synergist, producing an active radical for polymerisation. By an 
electron promotion from a non-bonding orbital, n, on the oxygen into an antibonding, ti*, 
system, the oxygen acquires a temporary positive charge by charge delocalisation. This
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may then interact with the electron-rich C-H and, as a consequence, this lowers the 
transition state for hydrogen abstraction.
Benzophenone is the most widely used type II photoinitiator and it undergoes a transition 
excitation at 340 nm. The most commonly used is a combination of a benzophenone and 
a tertiary amine (shown in Figure 3.7) and the most reactive amines are those containing 
a A^-methyl group. By using substituted aromatic rings in the benzophenone, the 
absorption maximum experiences a bathochromic (red) shift.
Figure 3.7. Benzophenone and tertiary amine photoinitiator\
In order to reduce yellowing in the curing films to a minimal degree, tertiary amines must 
be avoided, while the use o f type I photoinitiators does not produce radicals which lead to 
chromophores in the products\
The photoinitiator plays a key role by controlling the initiation rate and the penetration of 
the incident light'^. Its efficiency can be explained by using the Beer-Lambert law 
(equation 3.1) which determines the light absorption by the initiator at a particular 
wavelength.
E  = Abs = Log ^  = e -C 'd  (Eq. 3.1)
Where E — extinction, Abs = absorption, lo = intensity of incident light, I  -  light of 
emergent light, c = concentration (Mol L‘ )^, d  = film thickness (cm'^) and e = extinction 
coefficient (L Mof^ cm'^), which is dependent on the wavelength, temperature and 
solvent, but not on the concentration. The intensity of UV decreases through the film with 
depth due to absorption. The larger is this parameter, the lower is the depth of light
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penetration for that wavelength^. This effect is represented in Figure 3.8. This coefficient 
plays a very important part in the selection of the photoinitiator as it gives a measure of 
the absorption from incident light.
Light
film thickness
Low extinction coefficient High extinction coefficient
Figure 3.8. Effect o f  light penetration in a film^.
In order to be efficient, the photoinitiator must have the following properties^’ 
a strong absorption of the UV-radiation emitted by the mercury lamps, 
a short lifetime of the excited states (to avoid quenching by atmospheric oxygen), 
a fast photolysis to generate the fi-ee radicals, 
a high reactivity of the free radicals with the monomer, 
a good solubility in the formulation, 
must lead to non-coloured and odourless photoproducts, 
non toxic, 
low migration, 
cost effective.
A typical UV curing unit has one or more lamps and the material passes under it. The 
reflector could be either parabolic or elliptical; the latter enables more area to be 
irradiated. The lamps suitable are mercury lamps, electrodes lamps, excimer lamps, 
xenon lamps, spot cure lamps, continuous wave and light emitting diodes. It is important 
that the radiation source emits light of high intensity at the wavelength in which the 
initiator absorbs. Thus, the spectral output for most of the lamps may be modified by 
doping and this increases the potential choice o f materials. Increasing the light intensity 
increases the curing rate up to a certain level.
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Table 3.1 shows an overview of the different techniques of curing. The UV light curing 
process offers important advantages over conventional curing systems. The main feature 
relies on the instantaneous conversion of liquid resin into a solid at room temperature by 
a simple UV exposure without any organic solvent emission.
Table 3.1. Advantages and disadvantages o f  different curing techniques^.
Technique Advantages Disadvantages
Thermal Common, cheap and easy Energy inefficient
UV
Low cost, energy efficient, 
economical in space, solvent 
free and rapid curing times
Thin layers
Microwave Easy and cheap Size and non-metallic
e-beam
Fast-speed, large-volume and 
thick layers, energy efficient, 
economical in space and solvent 
free
Expensive and can produce 
different structures from above
This technique provides temporal control by switching the light on or off and spatial
control by using masks to provide an irradiated pattern 
Figure 3.9.
7-9 The latter is represented in
Positive workingNegative working
Photomask
Light-sensitive material 
Substrate
Figure 3. 9. Principle o f  negative and positive working photoresists
These advantages led to tremendous expansion in applications for films, inks and 
coatings in paper, metal, plastic and wood; adhesives; composites; dental materials and a
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variety of high technology, electronic applications and recently in the area of 
stereolithography^. Specific applications in the electronic industry are dielectric coatings, 
protective coatings for electrical components, conductive coatings and coatings for 
optical fibres.
The free radical reactions commonly used in radiation curing are radical-addition 
reactions, which involve three steps:
Initiation: an initiating radical is added to a double bond in order to generate the most 
stable radical (Figure 3.10).
R +  H2 C=CHX y  ^  C H g-C H X
RCHg— CHX
Where R and X  = organic group
Figure 3.10. Free radical initiation^
The rate constant for this reaction depends on the nature of R and X. If X is an electron 
withdrawing group such as acrylates, the reaction is favoured by R' being an electron 
donating radical (Figure 3.11).
R ----C  — CH “X
Figure 3.11. Electronic effect o f  R and X  groups upon the monomer (X = COOR' in this work)*.
The radical generated in the initiation step, during the propagation step is added to 
another double bond to generate a radical that undergoes rapidly several addition 
reactions to give the polymer (Figure 3.12). The structure of this polymer depends on the 
number of polymerisable groups in the monomer. Therefore, single polymerisable groups 
usually lead to linear polymers (although secondary reactions may lead to crosslinking). 
A mixture of mono- and di- functional monomers can lead to crosslinking (Figure 3.13). 
Two polymerisable groups to branched polymers and more than two to crosslinlced 
structures.
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R C H — C H -C O gR ' RCH— ÇH -  CHg- CHCOgR' 
COgR'
RCHg— ÇH -  CH 2- ÇH — C H ^  CHCOgR' 
CO2R' CO2R’
Figure 3.12. Free radical propagation*.
Figure 3.13. Mixture o f  mono- and di- fiinctional monomers.
This propagation process is exothermic and this thermal effect contributes to the 
autoacceleration of the polymerisation. As polymerisation proceeds, the length of the 
macroradical increases and crosslinking may occur. Both effects lead to an increase in the 
viscosity.
There are two types of termination reactions: radical-radical combination reactions and 
disproportionation reactions (Figure 3.14), both consume radicals without their 
generation and therefore are favoured by high concentration and high mobility of 
radicals.
2 R C H — CHg — ► R C H — C H ^ C H ^ C H g R
2 RCH— CHg --------—  RCH^CHg +  RCH2 CH3
Figure 3.14. Free radical termination .
Acrylate and methacrylate systems, whose structure is shown in Figure 3.15, are very 
popular due to a wide range of properties in their final coatings. These coatings present 
stability in their properties upon ageing under several conditions^. The structural 
differences between acrylate and methacrylate monomers cause changes in reactivity, 
mobility and glass transition temperature” . Stereocontrol in the acrylate polymerisation 
is more difficult to achieve for acrylates than for methacrylates^^. The most commonly
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initiating species for these systems are benzoyl and phosphinoyl radicals, the former may 
lead to secondary crosslinldng reactions of monoacrylates.
COOR'
Where R == H for acrylates and R = CH3  for methacrylates 
Figure 3.15. Acrylate/Methacrylate structure.
Polymerisation is accompanied by a decrease in volume and therefore during cure, 
shrinkage occurs. This phenomenon is not large for monoacrylates, but it starts to be 
important for polyacrylates and may lead to imperfections. Methoxy acrylates give less 
shrinlcage than the parent acrylates.
The functionality of the monomers affects the rate of the reaction as well as the 
conversion. For higher functionality the rate o f reaction increases although the final 
conversion is lower. The rate of conversion increases as well with the light intensity up to 
a certain level.
In this chapter, UV curing has been used to synthesise polyacrylates and polyacrylate- 
silica hybrids. These hybrid films have potential application as passive films for optical 
devices. These applications often require hybrid materials with special optical and 
thermal properties and transparency. Therefore, the compatibility between hybrid 
components needs to be studied in depth. The properties of these hybrids can be tuned 
through the polymer functionality. Polyacrylate-silica hybrids have been synthesised 
varying the backbone of the acrylate.
The potential o f this chemistry allows tailoring of organic and inorganic phases and 
control of the interface^Thus, polyacrylates have been dispersed in the system with and 
without formation of covalent bonds with the silica matrix. The final materials are 
homogeneous as polymers exhibit affinity for inorganic oxides to form interpenetrating 
networks. These networks are formed even through weak interactions, such as hydrogen
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bonding between the silanol in the silica network and the carbonyl groups in the polymer, 
or by covalent incorporation of the polymer in the inorganic network.
Photochemical curing of acrylates has been studied by varying the photoinitiator and the 
concentration of crosslinker. Different polyacrylates has been synthesised and their 
optical and thermal properties studied. Series o f polyacrylate-silica materials have been 
described. The morphology of these hybrid materials was largely dependent on the type 
of acrylate precursor employed in the synthesis.
The polyacrylate-silica hybrid thin films were prepared via a sol-gel reaction and, after 
photo-radical polymerisation of acrylic monomers, produced materials with a range of 
optical and thermal properties. The thermal expansion coefficient, glass transition 
temperature and refractive index have been determined.
Chemical and morphological analysis of the coatings was performed by means of Raman, 
FTIR, ^^Si NMR and NMR spectroscopy and SEM (scanning electron microscopy) to 
obtain a better understanding o f the factors influencing the thermal and optical properties 
of these coatings, and furthermore to characterise the origin of this interaction.
3.2. EXPERIMENTAL
3.2.1. MATERIALS
Methyl acrylate 99% (Aldrich) [MA], ethyl acrylate 99% (Aldrich) [EA], w-butyl acrylate 
99+% (Aldrich) [BA], ^er^-butyl acrylate 98% (Aldrich) [tBA], isooctyl acrylate 
(Aldrich) [lA], lauryl acrylate 90% (Aldrich) [LA], ethylene glycol phenyl ether acrylate 
(inhibited with 100 ppm hydroquinone) (Aldrich) [EGPA], 2,2,3,3,4,4,5,5,6,6,7,7, 
dodecafluoroheptyl acrylate (inhibited with 0.01% 4-^er/-butylcatechol) [FA], 1,6- 
hexanediol diacrylate (acrylate ester inhibed against polymerization) (Akcros) [Acetilane 
425], 2-hydroxyethyl acrylate 96% (Aldrich) [HEA], vinyltrimethoxysilane 98% 
(Aldrich) [VTS], 3-methacryloxypropyltrimethoxysilane 98% (Aldrich) [MEMO],
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tetraethoxysilane 98%+ [TEOS] (Lancaster), hydrochloric acid [HCl] (d=1.18%) 37% 
(Fisher), triethylamine 99% (Aldrich) [NEts], benzophenone 99%+ (Aldrich), 1- 
hydroxycyclohexyl-phenyl ketone [Irgacure 184] and 6z5(2,4,6-trimethylbenzoyl)- 
phenylphosphineoxide [Irgacure 819] kindly supplied from Ciba, were all used as 
received.
3.2.2. INSTRUMENTATION
A UV-flood lamp fitted with a 400W iron doped metal halide lamp (unfiltered) was used 
for UV curing, whose emission spectrum is shown in Figure 3.16. It has been used 
without a filter because the maximum emission matches with that of the photoinitiators. 
The distance between the lamp and the specimen was 20 cm.
nm
Figure 3.16. Emission spectrum for unfiltered U V  light source type MHL 450.
Infrared (IR) spectra were recorded on a Perkin-Elmer 2000 FTIR Spectrophotometer 
interfaced with a Perkin-Elmer computer. An ATR (attenuated total reflectance) 
attachment was used, averaging over 16 scans at a resolution of 4 cm '\ Raman spectra 
were obtained on a Perkin-Elmer System 2000 FT-Raman spectrometer. Confocal Raman 
spectra were obtained on a Renishaw System 2000 Micro Raman Confocal spectrometer, 
laser GaAlAs operating at 782 nm. Abbreviations used in the text to describe peaks are as 
follows: vs = very strong; s = strong; m = medium; w = weak, b = broad and sh = 
shoulder.
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Surface morphology was evaluated using a Hitachi S-3200 Variable Pressure Scanning 
Electron Microscope with a backscattered electron detection at 15 kV. EDX (Energy 
Dispersive X-ray) spectroscopy was also performed.
Solid-state NMR experiments were kindly carried out by Dr. D. Apperley at Durham 
University. ^^Si and CP (cross polarisation) NMR spectroscopies were performed at 
room temperature on a Varian UNITY/wova spectrometer with a 7.05 T Oxford 
Instruments magnet. ^^ C spectra were acquired at 75 MHz using cross polarisation with a 
contact time of 30 ms. ^^Si spectra were acquired at 60 MHz using cross polarisation with 
a contact time of 20 ms. Tetrafunctional silicon sites were labelled with the conventional 
Q" and trifunctional silicon sites with the conventional T" notation.
Refractive index and thickness were measured on a WOOLLMAN WVASE ellipsometer 
with 70° of incident angle, of a thin film spin coated over (001) 1 mm-silicon wafers in 
the range from 600 to 1200 nm. The values displayed are at 632.8 nm.
Differential scanning calorimetry (DSC, TA QlOO) was used for the investigation of 
glass transition temperature variation o f synthesised hybrid materials. The glass transition 
temperature is taken as the onset of the change in heat capacity. An appropriate amount 
o f sample (ca. 5 mg) was sealed in hermetically sealed aluminium pans, under an inert 
atmosphere o f nitrogen at a flow rate of 30 cm^/min with a ramp rate o f 10 K/min.
3.2.3 PREPARATION OF POLYACRYLATE FILMS
3.2.3.I. Method of the synthesis of polyaerylate films [PA]
Polyacrylate films were synthesised from this formulation mixture: Acetilene 425 (cross- 
linlcer)/ Irgacure 184 (photoinitiator)/ acrylate = 0.05 (0.69 mmol, 0.16 mmol) / 0.04 
(0.56 mmol, 0.114 g) / 1 (13.95 mmol). This solution was stirred at room,temperature to 
dissolve the photoinitiator, coated over glass with the 20 microns bar or spin coated on to 
(001) silicon wafers by spin coating at 2000 rpm for 1 minute. Finally, cured with UV 
irradiation using a 400 W metal halide lamp for 20 minutes to obtain transparent films.
6 6
____________________ Chapter 3. Photochemical synthesis and characterisation o f  polyacrylate-silica hybrids
The polyacrylate structures are presented in Table 3.2, where the main upper rows show 
the acrylates which may lead to weak interactions in the hybrids and the lower rows the 
acrylates which may lead to strong interactions.
The concentration of initiator used was constant and equal to 0.04 molar ratio to acrylate. 
It has been found in set experiments with butyl acrylate, that this photoinitiator leads to 
optimal conditions over the use of either, Irgacure 819 (0.01 molar ratio) or a mixture of 
benzophenone and NEta (0.05 molar ratio). And that 0.05 molar ratio of Acetilene 425 
concentration was optimal over the use of 0.02 or 0.1 molar ratio to butyl acrylate.
The polymers synthesised are shown in Table 3.3 along with their appearance, spectra 
signals and volumes of acrylates precursors.
These films have been stored as powders in vials at room temperature in a desiccator with 
silica as drying agent.
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Table 3.2. Structure o f  polyacrylates
Poly(methyl
acrylate)
Poly(isooctyl acrylate) Poly(lauryl acrylate)
PIA PLA
PM A PtBA
1= 0
1=0
Poly(butyl acrylate)Poly(ethyl acrylate)
PEA PBA
1=0
Poly(2-hydroxyethyl
acrylate)
Poly(ethylene glycol 
phenyl ether acrylate)
Poly(dodecafluoroheptyl
acrylate)
Poly(3-methacryloxy
propyltrimethoxysilane)
PHEA PEGPA PFA PM EM O
1= 0 1= 0 1=0
OF.
OF,
OH CF.
OF. gj -«'OM©
MeO^ O M eOF.OF.
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Table 3.3. Proportions o f  acrylates and spectral signals o f their polymers.
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3.2.4. PREPARATION OF DESIRED HYBRID FILMS
3.2.4.1. Method of the synthesis of polyacrylate-silica films [PA-SiOz]
The hybrids were obtained by the mixture of the acrylates with TEOS (silica precursor), 
HCl (catalyst for the sol-gel reaction), Irgacure 184 (photoinitiator), distilled water and 
ethanol (cosolvent) and stirring the solution for 24 hours. Then, these sols were coated 
over glass with the 20 microns bar or spin coated on to a (001) silicon wafer at 2000 rpm 
for 60 s. Afterwards, the films were UV exposed for 20 minutes in order to carry out the 
organic polymerisation and to remove solvent and by-products (water and ethanol) from 
the film. This procedure is represented in Figure 3.17.
Figure 3.17. Preparation processing o f  coatings .
Sol
Coating
Spin coating
Wet film
Alkoxide + Acrylate
Hydrolysis + condensation
Time
radiation
Water
Catalyst
Alcohol 
-► water
Alcohol
water
These film structures have been studied by SEM, ^^Si NMR, NMR, FTIR, Raman and 
confocal Raman spectroscopy and their properties have been studied by ellipsometry and 
DSC. The final films have been stored as powders in vials at room temperature.
The precursor solutions for preparing the hybrid films were obtained according to the 
compositions shown in Tables 3.4-3.10.
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3.2.4.1.1. Polyacrylate-silica hybrids with weak interactions:
Synthesis of poly(butyl acrylate)-silica hybrid [PBA-SiOz]:
They have been carried out following the general method with the reagent ratios shown in 
Table 3.4.
PBA-SiOa BA (cm^, 
mmol)
Irgacure 184 
(g, mmol)
TEOS (cm", 
mmol)
H2 O (cm", 
mmol)
HCl
(cm")
Ethanol 
(cm", mmol)
ITEOS/IBA/2 H2 O 1.6, 11.2 0.091, 0.44 2.5, 11.2 0,4, 22.2 0.005 2, 54.3
ITEOS/IBA/IH 2 O 1.6, 11.2 0.091, 0.44 2.5, 11.2 0.2, 11.1 0.005 2, 54.3
ITEOS/IBA/4 H2 O 1.6, 11.2 0.091, 0.44 2.5, 11.2 0 ,8 ,44.4 0.005 2, 54.3
ITEOS/2 BA /2 H2 O 3.2, 22.4 0.182, 0.89 2.5, 11.2 0.4, 22.2 0.005 2 ,54 .3
2 TEOS/IBA/2 H2 O 1.6, 11.2 0.091, 0.44 5, 22.4 0.2, 22.2 0.01 4, 108.6
Synthesis of other polyacrylate-silica hybrids PA-SiOz:
By changing the acrylates these hybrids have been synthesised with ratio 1 acrylate-1 
TEOS following the general method and the precursor proportions are displayed in Table 
3.5.
PA-SiÜ2 Acrylate (cm", mmol) TEOS (cm", mmol)
PMA-SiOz 0.6, 6.95 1.55, 6.95
PEA-SiÜ2 0.8, 6.95 1.55, 6.95
PtBA-SiÜ2 1, 6.95 1.55, 6.95
PIA-SiÜ2 1, 6.95 1.55, 6.95
PLA-SiÜ2 1, 6.95 1.55, 6.95
Synthesis of silica hybrids containing copolymers of butyl acrylate with differently 
substituted acrylates:
Synthesis of poly[(dodecafluoroheptyl acrylate)-co-(butyl acrylate)]-silica hybrid [P(FA- 
co-BA)-S:0 2 l:
They have been carried out by the general method by varying the proportions between 
both acrylates which are displayed in Table 3.6.
T able 3.6. Precursor solution proportions for preparing PFA-co-BA-SiOa.
P(FA-co-BA)-Si02 FA (cm") BA (cm")
0.1 PFA-0.9 PBA 0.27 1.44
0.5 PFA-0.5 PBA 1.37 0.8
1 PFA 2.73 -
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Synthesis of poly[(ethylene glycol phenyl ether acrylate)-co-(butyl acrylate)]-silica 
hybrid [P(EGPA-c<?-BA)-Si02l.
They have been carried by varying the proportions of both acrylates which are displayed 
in Table 3.7.
Table 3.7. Precursor solution proportions for preparing P(EGPA-co-BA)-Si02.
P(EGPA-co-BA)-Si02 EGPA (cm") BA (cm")
0.1 PEGPA-0.9 PBA 0.2 1.44
0.5 PEGPA-0.5 PBA 0.97 0.8
PEGPA 1.95 -
Synthesis of poly(2-hydroxyethyl acrylate)-silica hybrid [PHEA-SiOz]:
They have been carried out following the general method and their relative proportions 
are displayed in Table 3.8.
PHEA-Si02 HEA (cm", 
mmol)
Irgacure 184 
(g, mmol)
TEOS 
(cm",mmol)
H2 O (cm", 
mmol)
HCl (cm") Ethanol 
(cm", mmol)
ITEOS/IHEA/2 H 2 O 1.29, 11.2 0.091, 0.44 2.5, 11.2 0.4 ,22 .2 0.005 2, 54.3
ITEOS/IHEA/IH 2 O 1.29, 11.2 0.091, 0.44 2.5, 11.2 0.2,11.1 0.005 2, 54.3
lTEO S/lH EA/4 H2 O 1.29, 11.2 0.091, 0.44 2.5, 11.2 0.8, 44.4 0.005 2, 54.3
1TEOS/2HEA/2 H2 O 2.58, 22.4 0.182, 0.89 2.5, 11.2 0.4, 22.2 0.005 2, 54.3
2TEOS/1HEA/2 H2 O 1.29,11.2 0.091, 0.44 5, 22.4 0.2, 22.2 0.01 4 ,108 .6
3.2,4.1.2. Polyacrylate-silica hybrids by strong interactions:
A silane coupling agent was used to provide a stable bond between the silica and the 
polyacrylates. The functionality of the trialkoxysilane has been used for the formation of 
a covalent linkage between the polymer and the silica species.
Synthesis of poly[(vinyltrimethoxysilane)-co-(butyl acrylate)]-silica hybrid [P(VTS-co- 
B A )-S i02]:
Copolymers have been synthesised by changing the feed ratios. They have been carried 
out by the general way, the proportions are shown in Table 3.9.
Table 3.9. Precursor solution proportions for preparing P(VTS-co-BA)-Si02.
P(VTS-co-BA)-Si02 VTS (cm") BA (cm")
0.1PVTS-0.9PBA-SiO2 0.17 1.44
0.5PVTS-0.5PBA-SÎ02 0.85 0.85
0.9PVTS-0.1PBA-SiO2 1.54 0.16
PVTS-SiÜ2 1.71 -
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Synthesis of poly[(3 -methacryloxypropyltrimethoxysilane)-co-(butylacrylate)] -silica 
hybrid P(MEM0-c<>-BA)-Si02:
They have been synthesised by the general way, the relative proportions are displayed in 
Table 3.10:
P(MEMO-co-BA)-Si02 MEMO (cm^) BA  (cm")
0 .1PMEMO-0.9PBA-Si02 0.03 1.44
0.5PMEMO-0.5PBA-SiO2 1.33 0.8
0.9PMEMO-0.1PBA-Si02 2.4 0.16
PM EM 0-Si02 2.66 -
Curing of the systems as described earlier led to formation o f composite samples of 
different thiclcnesses and different thermal and optical properties.
The spectral signals for these hybrids are displayed in Table 3.11.
3.2.4.I.3. Method of preparation of neat silica film.
Additionally, neat silica film was prepared following the same pathway as for the 
formation of hybrids. To TEOS (4.70 g; 22.5 mmol) were added water (0.8 g; 50 imnol) 
and hydrochloric acid (0.0236 g; 0.66 mmol) and the mixture was stirred during 24 hours 
to obtain a milky sol, which was coated over glass and silicon wafer at 2000 rpm to 
obtain a white film. The reaction was repeated by adding 2 cm^ of ethanol to produce a 
transparent film. Spectral signals are shown in Table 3.12. The final films have been 
stored as powders in vials at room temperature.
73
Chapter 3. Photochemical synthesis and cliaracterisation o f polyacrylate-silica hybrids
Table 3.11. Spectral signals for polyacrylates-silica hybrids
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FTIR (cm ') ^ ^ S iN M R
3251 (w); 1029 (s) and 921 (m) -92.3 (w); -101.l(s) and-110.4 (w)
3.3. RESULTS AND DISCUSSION
A wide range of polyacrylate films was first synthesised as transparent films and the 
properties were studied in order to compare them with the hybrids.
Polyacrylate-silica hybrid materials were obtained as transparent and semitransparent 
films indicating that the polymer chains were distributed in the silica network with high 
uniformity.
Optical transparency is used as the initial criterion for the formation of a homogeneous 
phase composition o f the organic-inorganic constituents^^.
3.3.1 POLYACRYLATES
3.3.1.1. Curing conditions
The cure behaviour depends upon several variables which must be careful controlled. The 
effects of cure time, photoinitiator concentration and crosslinking concentration are 
imperative for the success of the curing. In order to optimise the curing conditions these 
parameters have been studied. For instance, if  the initiator concentration is too high, this 
can prevent efficient cure, and the molecular weight of polymer decreases. In contrast, at 
sufficient low concentration, polymerisation is too slow and cured polymers have high 
molecular weight^* .^
DSC was used to measure the heat released when the sample is heated to a constant rate 
as the exothermic reaction proceeds. An exothermic peak was observed due to the fact 
that further polymerisation may take place. Table 3.13 shows the heat liberated in this 
further polymerisation for poly(butyl acrylate) with different initiators, with the 
concentrations adjusted to the supplier's recommendations. Irgacure 184 leads to the best 
conversion and additionally gives the most transparent films, which is in agreement with 
a study o f a wide range of photoinitiators*^.
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Tab le 3.13. DSC heat flow  data BA polymerised with different photoinitiators
Photoinitiator Irgacure 184 Irgacure 819 Benzophenone + NEta
(molar ratio to monomer) 0.04 0.01 0.05
Heat flow 5.93 6.71 1.04
(mJ/mol)
The concentration of crosslinker has been varied in order to get the best performance^^, 
crosslinking accelerates polymerisation o f monomers at lower conversions. The best 
conversion, based on the data in Table 3.14, was found for 0.05 molar ratio to monomer.
Table 3.14. DSC heat flow data o f  residual BA copolymerised with different crosslinker concentrations.
Crosslinker concentration 0.02 0.05 0.10
(molar ratio to monomer)
Heat Flow 21.8 5.93 28.3
(mJ/mol)
FTIR and Raman spectroscopy are complementary techniques. The C=C bond signals, 
associated with the symmetrically-substituted and dipolar bond, are more intense in the 
Raman spectra and the C=0 bond signals, unsymmetrical bond, are more intense in the 
FTIR spectra. FTIR-ATR spectroscopy has being used to follow real-time 
photopolymerisation o f a c ry la te san d  both spectroscopy techniques have being used in 
this research to characterise the poly acrylates.
Raman spectroscopy has been used to follow the real-time curing o f acrylates by 
monitoring the disappearance of the signal at 1635 cm '\ due to the C=C bond of the 
acrylate. Representative Raman spectra in the region from 1500 cm'^ to 1800 cm'^ are 
displayed in Figure 3.18 and it is possible to notice the disappearance o f the signal at 
1635 cm“^ with time due to butyl acrylate polymerisation. After 20 minutes, this signal 
was no longer appreciable, which indicate that the polymerisation has finished; similar 
result has been found following this polymerisation with FTIR-ATR spectroscopy. At the 
same time the C =0 bond slightly shifts to higher frequencies because it is not longer 
conjugated.
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This result has been expanded for the polymerisation of different acrylates in which the 
time has been fixed at 20 minutes.
c=cc=o
BA
3 min
5 min
10 min
20 min
1800 1750 1700 1650 1600 1550 1500
cm
F igure 3.18. Raman spectrum region from 1500 cm'' to 1800 cm'  ^ for butyl acrylate (BA) polymerisation.
Raman spectra for butyl acrylate and progressively-cured poly(butyl acrylate) are shown 
in Figure 3.19, where it is possible to observe the lack of C=C signal in the poly(butyl 
acrylate).
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BA60 1
c=c
50 - C-H
40 -
0=0
20 -
10 -
3600 3100 2600 2100 1600 1100 600 100
cm
PBAC-H
0=0
3600 3100 21002600 1600 1100 600 100
cm'^
Where * corresponds to the signal assigned to the photoinitiator.
Figure 3.19. Raman spectra o f  butyl acrylate (BA) and poly(butyl acrylate ) (PBA) after 20 minutes
polymerisation.
Additionally, the use o f FTIR is very popular to follow the curing process. It is a reliable 
and highly sensitive technique to quantify the chemical changes occurring in a UV- 
exposed polymer^^. The main changes observed in the FTIR spectra following UV 
irradiation are evidenced by the shift of the carbonyl band to higher frequencies (1718 
cm'^ to 1734 cm‘ )^. This strong band is associated with the C=0 group as a consequence
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of loss of conjugation with the C=C bond in the polymer. The intensities of the band at 
1635 cm'^ associated with the C=C twisting vibrations decrease^^'^^. FTIR spectra for 
butyl acrylate and 2-hydroxyethyl acrylate and their respective polymers are displayed in 
Figure 3.20 and Figure 3.21 respectively. The FTIR spectra of the polymers show that the 
polymerisation has been achieved but not as clear as in the Raman spectra.
0.5 BA
0.45
C=00.4
0.35
0.3
A  0.25
0.2
0.15
C-H 0=0
0.05
3600 3100 21002600 1600 1100 600
cm
0.4 1 P S A
0.35 -
0.25 - 0=0
0.15 -
0-H
0.05 -
3600 3100 2600 2100 1600 1100 600
cm
F igure 3.20. FTIR spectra o f  butyl acrylate (BA) and poly(butyl acrylate) (PBA) after 20 minutes
polymerisation.
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F igure 3.21. FTIR spectra o f 2-hydroxyethyl acrylate (HEA) and poly(2-hydroxyethyl acrylate) (PHEA)
after 20 minutes polymerisation.
Confocal Raman microscopy, a technique used to optimise UV formulation and curing 
conditions^^’^ "^ , has been employed in order to study the cross-section behaviour and the 
structure o f the films. It combines the chemical information of vibrational spectroscopy 
with the spatial resolution o f confocal microscopy^^.
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The spectra in these regions show satisfactory homogeneity within the coating throughout 
its thickness, as can be concluded from the negligible deviations between ratios of the 
peak areas for corresponding chemical bond deformations: C-H bending of the CH3 
(1380 cm'^) and CH2 (1470 cm'^) and C=0 stretching (1730 cm'^). Depth profile spectra 
o f PBA are shown in Figure 3.22 for different depths of the film. The upper line shows a 
superficial depth profile and it gets deeper through the film as the lines get lower.
The absence of an obvious peak corresponding to C=C stretching in the spectra of the 
coating suggests that UV curing of the acrylate matrix was successful throughout the 
coating thicloiess.
PBA
Deeper
layersA
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 -1
F igure 3.22. Poly(butyl acrylate) Micro-Raman depth profile spectra for deeper layers as the lines get
lower.
Another technique used to characterise the polyacrylates formed was NMR 
spectroscopy, the signal around 168 ppm due to C=C was not observed, which again 
suggests the successful polymerisation of the acrylic group. As an example, the PHEA 
spectrum is displayed in Figure 3.23.
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Cb'C NMR Ca
Ca'2\
OH
c=o Cb
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F igure 3.23. NMR spectrum for PHEA.
3.3.I.2. Thermal and optical properties
Refractive index and thickness have been measured by means o f ellipsometry over a 
range o f wavelengths with different angles and examples of the basic fit parameters, \}/ 
and A, which have been defined in chapter 2, are shown for PBA in following pictures 
Figure 3.24 and Figure 3.25 respectively.
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F igure 3.24. \]> fit parameters from ellipsometry for PBA.
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F igure 3.25. A fît parameters from ellipsometry for PBA.
Table 3.15 displays the parameters of refi'active index, thickness and Tg for the 
polyacrylates synthesised. The later has been determined by means of DSC. Tg data have 
been repeated for the same sample (PBA and PtBA) 3 times and the values have been 
found in a range of ± 3°C. Refractive index have an imprecision of ± 0.01 and tKiclaiesses 
of ± 2  nm.
Polyacrylate Refractive index Thickness (nm) T . r c )
PMA 1.49 110 100
PEA 1.47 130 99
PBA 1.51 280 104
PtBA 1.47 320 111
PLA 1.48 218 115
PIA 1.54 58 87
PHEA 1.49 352 102
PFA 1.43 83 100
PEGPA 1.62 705 136
The nature o f the alkyl group determines the physical properties. Thus the observed 
magnitude o f Tg depends on the chemical nature of the polymer chain. The factor which 
strongly determines the Tg is the chain flexibility: a flexible chain has a low Tg and a 
rigid chain has a high Tg.
Other factors which influence this value are the steric and electronic effects. Higher Tg 
values are obtained by increasing either the size or the polar forces of the pendant group 
which leads to a reduction in the molecular mobility. Additionally, when crosslinlcs are
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introduced in the polymer the Tg increases and for a high crosslink density the transition 
is broad^^. Moreover, the length of the spacer between the acrylic double bonds also has 
an influence.
The Tg values found are approximately in the same area, around 100®C. It is noticeable 
that the effect of the bulky group, the steric hindrance o f the tert~huXy\ group, increases 
the Tg of PtBA compared with linear polyacrylates for instance PBA. The thermogram (in 
Figure 3.26) shows this effect by comparing the dynamic DSC data of PBA and PtBA. 
Phenyl is a rigid group and shifts the Tg to 136°C (PEGPA), which is the highest value in 
this serie. In contrast, when the chain length increases, the Tg decreases due to greater 
flexibility for PIA, however PLA does not follow this trend. PHEA has a polar group and 
the Tg was expected to be higher than non-polar polyacrylates such as PEA but this value 
remains close to 100°C.
0.3
PBA
PtBA
SI
0.0 100 110 
Temperature (°C)
120 130 140 150
Universal V3.4C TA InstrumentsExo Up
F igure 3.26. DSC scans for PBA and PtBA.
Factors which influence the refractive index are structure, molecular weight and 
functionality of the monomer. According to the refractive index and thickness of these 
polyacrylates, it is important to highlight the effect of the atoms present in the polymer. 
The fluorine atoms decrease this value to 1.43 for PFA, which is the lowest of those 
studied. The phenyl group has the opposite effect producing the highest values (1.62 for
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PEGPA)^^. This effect may be assigned to the high polarisability o f the phenyl group (tt- 
bonding electrons)^^. The rigid phenyl group leads to the thickest films and it is probably 
that the effect of increasing the length of the pendent group of the acrylate is to reduce 
the thickness.
Study of the hysteresis behaviour of a polymer
Ellipsometry has also been used to study the hysteresis behaviour of these materials by 
holding the temperature at 150°C and studying the thicloiess and refractive index as a 
function o f time"^ "^ . Poly(butyl acrylate) was heated from 25°C to 150°C at heating rate of 
1 OK/minute. After 12 minutes, the film had reached 150°C and both parameters remained 
constant (Figure 3.27). When the polymer is heated it expands and refractive index 
decreases, this is a physical behaviom*. The same behaviour has been found when the 
material has been heated again.
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Figure 3.27. Refractive index and thickness for PBA heated to 150°C.
3.3.2. POLYACRYLATE-SILICA HYBRIDS
The synthesis of polyacrylate-silica hybrids was carried out initially under basic 
conditions, but this led to opaque white films. This may be due to the fact that under 
basic conditions condensation is faster than hydrolysis and therefore dense, colloidal 
particles were formed and as a result no strong absorption was achieved between organic 
and inorganic phases. In contrast, changing to synthesis in an acid medium leads to
85
____________________ Chapter 3. Photochem ical synthesis and characterisation o f  polyacrylate-silica hybrids
transparent films as the relative rates are reversed and highly ramified structures were 
formed.
3.3.2.I. FTIR, " c  NMR AND “ Si NMR studies
To characterise these hybrids, FTIR, Raman and ’^Si NMR and '^C NMR spectroscopy 
were used.
Real time FTIR spectroscopy has also been used to study the disappearance of C=C 
bonds in hybrids due to polymerisation^^. FTIR spectroscopy has been used to determine 
the different bands o f silica, permitting the preparation of silica films from various sol 
viscosity to be followed^®. When the polysilicic acid grows into particles, the ordered 
symmetrical Si-O-Si is not maintained and the asymmetrical, three-dimensional network 
of the Si-O-Si structure is formed. An extensive review discusses silica signals for 
organosilicon compounds^ \  The data which are most relevant for this work are displayed 
in Table 3.16.
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Tab le 3.16. Infrared absorption band species and assignments o f  bands on silica film'30-32
W ave num ber/ cm'^ Assignment
1225 (v) Si-O-Si asymmetric str. (LG mode)
1140 (sh) Skeletal S i-0  str.
1060 (w-s) Si-O-Si asymmetric str. (TO-mode)
970 (w) Si-O str. o f silanol
820 (w) Network Si-O-Si symmetric bond str.
3660 (vw) Peiturbed O-H str. o f free silanol
3400 (m) O-H str. o f  adsorbed water
1650(w) H-O-H bending o f  adsorbed water
Silyl ester and ether 
1100-1000 (vs) Asym Si-O-C (s) and Si-O-Si absorbs in this 
region
1190-1140 (s) 
1100-1070 (vs) 
990-945 (s-m)
Asym  Si-O-C (s), usually double 
Sym Si-O-C (s)
1090-1020 (vs) Si-O(s), two bands o f  almost equal intensity, 
siloxane absorbs near 1085 and 1020 cm ' 
increasing in intensity with chain length.
The use of the FTIR technique allows the study of the structure and type o f interactions 
between organic-inorganic domains in the hybrid^^’^ "^ . These studies were used to assign 
significant features of the starting material and to analyse the reaction products and the 
dominant features of all spectra were C =0 {ca. 1730 cm“^ ), Si-O-Si {ca. 1060 cm‘ )^ and 
Si-O-H. {ca. 970 cm'^). Examples of FTIR spectra for PBA-SiOi and PHEA-Si0 2  hybrids 
are displayed in Figure 3.28.
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F igure 3.28. F U R  spectra ofPBA-S iOz and PHEA-SiOa.
To study the interfacial forces between the organic and inorganic components the effect 
of hydrogen bonding has been examined by studying the carbonyl area in the FTIR 
spectra. This region for PBA-Si0 2  is illustrated in Figure 3.29 and the C=0 stretching 
band o f PBA was characterised by a strong absorption centred at 1735 cm '\ When the 
hybrid is formed, a new absorption displaying small shoulders at ca. 1714 cm'^ and 1700
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cm'^ is observed; which is assigned to silanol-carbonyl stretching^^. This effect can also 
be observed in the solid state NMR spectrum.
PBA
PBA-SiO;
1800 1760 1760 1740 1720 1660 16201700 1660 1640 160C
cm
F igure 3.29. FTIR spectra in the C = 0 region for PBA and PBA-SiOj.
Confocal Raman microscopy has been used in order to depth profile the hybrid film for 
PHEA-SiOz and no appreciable changes have been found through the film. Therefore 
uniformity is found in the curing.
A combination of solid state NMR and ^^Si NMR spectioscopy has been used as a 
very attractive technique to characterise the polyacrylate-silica hybrids. NMR 
spectroscopy is used to study the organic domains and ^^Si NMR spectroscopy the 
inorganic domains. Comparison from the ^^ C NMR spectroscopy in the poly(butyl 
acrylate) and its hybrid does not show significant shifts in the signals. In common with 
the FTIR spectra, the ^^ C NMR spectra show the C =0 resonance for PBA is divided into 
two signals when the hybrid is formed. Furthermore, when it is heated to 200°C, the 
carbonyl signal is shifted to lower field from 174 ppm to 180 ppm. The elevation of the 
new chemical shift at 180 ppm may be due to the formation of hydrogen bonds from Si- 
OH groups at the organic inorganic surface.
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In contrast, the formation of PHEA-S1O2, which polyacrylate contains hydroxyl groups, 
shows the appearance of a small shoulder due to extra hydrogen bonding between the 
carbonyl, hydroxyl and silanol groups and when it is heated it is slightly shifted to higher 
field (Figure 3.30).
PHEA-SiOa
PHEA
190200 195 175 170 155185 180 165 160 150
ppm
F igure 3.30. C NMR spectra o f  carbonyl group in PHEA, PHEA-SiOg and PHEA-SÎ02 200°C.
Additionally, it has been reported that 2-hydroxyethyl methacrylate (HEMA) may form 
covalent bonds (Si-O-C) with the silica, by a hydrolysis reaction^^. In this research, the 
possibility o f this bond between PHEA with the silica has been examined. The FTIR 
spectrum (Figure 3.28) shows a signal at ca. 1160 cm"* which may correspond to the Si- 
O-C absorption. However, the *^ C NMR spectrum for the hybrid or even for the 
postcured hybrid, which is supposed to favoured the condensation and consequently this 
reaction. Figure 3.31, does not show this signal {ca. 106 ppm)^^ indicating that this 
reaction has not occurred and the signal in the FTIR spectrum may be due to skeletal 
motions of Si-O-Si (Table 3.17).
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CbCa
c=o '2\OH
180 160 140 120 100200 80 60 40 20 0
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F igure 3.31. NM R spectrum o f  PHEA-SiOa postcured at 200°C.
Ill Figure 3.32, which displays the ^^Si NMR spectrum for neat silica film, three types of 
chemical shifts (ô) at -91, -101, and -110 ppm are found due to Q^, and groups. 
This material arising from acid catalysis shows a preponderance of over and 
groups. Since the sol-gel reactions were catalysed by acid, and at low pH the rate of 
hydrolysis is faster relative to the rate of condensation, the structure o f inorganic silicates 
resulting from TEOS should be hidroxylated.
S lO -S I-O S i
OSI
o'* <psi
S iO -S I-O H
OSI
neat silica
-70 -80 -90 -100 -110 -140-60 -120 -130
ppm
F igure 3.32. Si NMR spectra o f  neat silica.
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The incorporation o f polymer chains does not significantly affect the condensation 
reaction of silanol groups during the sol-gel process. is the predominant signal, the 
silica network contains Si-OH groups which facilitates the interaction with the polymer 
by the carbonyl groups^^ and this has been studied by means o f FTIR and NMR 
spectroscopies.
The ^^Si NMR spectra for PBA-SiO] and PHEA-SiO] are represented in Figure 3.33 and 
Figure 3.34 respectively. They present a ramified structure and the intensity of Si-OH 
groups, Q^, is predominant; as for the neat silica. When these hybrids are postcured, the 
intensity of Si-O-Si, increases due to fuifher condensation.
-120-60 -70 -80 -90 -100 -110 -130 -140ppm
Figure 3.33. Si NMR spectra o f  PBA-SIO 2  hybrid.
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-110 -130-80 -90 -100 -120 -140-60 -70
ppm
F igure 3.34. ^ S i NMR spectra o f  PHEA-SiOa-
When organically modified alkoxysilanes were used to synthesise the hybrid, the ^^Si 
NMR spectra displayed two groups of signals (Figure 3.35): Q caused by the silica 
network and T signals due to the ormosils. The dominant signal for the silica is Q ,^ 
whereas is almost not discernible. The silica structure is more ramified for these 
hybrids due to the incorporation of R groups in the ormosil which hinders the 
condensation leading to highly ramified structures'^. The steric effect o f R lowers the 
degree o f hydrolysis and condensation and the predominant groups are T^, which 
indicates an incompletely condensed structure.
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F igure 3.35. NMR spectrum for 0.9PMEMO-0.1 PBA-S 1O2  hybrid.
The NMR spectra for these hybrids display signals for both types o f alkyl groups in 
the acrylates and an example for 0.9PMEMO-0.1PBA-Si02 is displayed in Figure 3.36. 
The polymerisation o f both groups has been successful as there is no double bond signal 
present. It is interesting to note that the copolymers have a unique chemical shift for the 
carbonyl group in all the proportions.
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F igure 3.36. '^C NMR spectrum for 0.9PMEMO-0.IPBA-SiOz hybrid.
3.3.2.2. SEM
The structure of the different types of hybrids has been studied by SEM. It is possible to 
appreciate in Figure 3.37 that for PBA-SiO], an example o f a hybrid joined by weak 
interactions, that mapping the region, which is shown in the top left hand comer, the 
following elements: silicon, carbon and oxygen, different domains for both organic and 
inorganic components have been found.
OKd.23
PBA-SiO
CKq, 14
SiKd. 63
Figure 3.37. SEM-EDX mapping micrographs o f  PBA-SiOz 
Where SE shows the mapping region.
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On the other hand, the polyacrylate-silica films, which are joined by stronger bonds: 
either extra hydrogen bonds from the hydroxyl group or covalent bonds, show a good 
miscibility. By mapping the elements it is possible to appreciate that they are well 
distributed throughout the film (Figure 3.38 and Figure 3.39) which show an 
homogeneous structure. PMEMO-SiO] is quite thick and a pattern in this film surface is 
appreciable. In both cases, it is not possible to distinguish SiO] and the polymeric parts, 
which indicates that the organic and inorganic components are compatibilised on a sub­
micron scale.
PHEA-SiO]
|S E ,2 5 5
PMEMO-SiO] hybrid 
IS E .255
F igure 3.38. PHEA-Si02 SEM pictures. 
Where SE shows the mapping region.
Figure 3.39. PMEMO-SiOz SEM pictures. 
Where SE shows the mapping region.
Finally, the effect o f adding organically modified alkoxysilanes materials to the 
poly(butyl acrylate)-silica hybrid in the final structure, have been studied in order to 
improve the miscibility of both components. The SEM pictures with different 
concentrations of ormosils are displayed in Figure 3.40 and Figure 3.41.
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PBA-SiO, 0.1 PMEMO-0.9PBA-SiO,
0.5PMEMO-0.5PBA-SiO2 PMEMO-SiO,
Figure 3.40. SEM micropictures for pMEMO-co-PBA-SiOa hybrids.
PBA-SiO, O.lPVTS-O.gPBA-SiOz
0.5PVTS-0.5PBA-SiO, PVTS-SiO
Figure 3.41. SEM micrographs for PVTS-co-PBA-SiO] hybrids.
Both series o f images indicate flat surfaces and it is possible to notice how different 
domains disappear when the amount o f organically modified alkoxysilanes material is 
increased. When 10% of MEMO is added into the system there are still two different 
areas present.
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Thus, the effect o f adding coupling agents into the PBA-SiO] hybrid leads to better film 
uniformity of the resulting hybrid.
3.3.2.3. Ellipsometry results
Ellipsometry has been used as a technique for measuring the refractive index and 
thicloiess of the films and the change of the parameters with temperature, when they are 
heated at a constant rate.
Hybrid materials can control the refr active index with the variation of composition. These 
properties are based on the network structure o f the inorganic components linking to 
organic domains. Data for PBA-SiO] and PHEA-SiO] hybrid films, with different ratios 
o f reaction precursors are displayed in Tables 3.17 and 3.18 respectively.
Ellipsometry analysis revealed that the thickness of the coatings increases in both hybrids 
with the amount of TEOS whereas refractive index with increasing silica content in the 
hybrid, for PBA-SiO] decreases^w hile for PHEA-SiO] this value increases. There are 
two opposing effects: on one hand the increase in thickness will increase the refractive 
index and on the other hand the increase in TEOS will decrease this value, due to a higher 
silica content (refractive index o f silica is lower than the acrylates one, ca. 1.37). Thus, 
for PBA-SiO] the effect o f the silica predominates and the refractive index decreases 
while for PHEA-SiO], where the increases in thicloiess are large, the other effect is 
predominant and refractive index increases with the amount of silica.
The amount of water added in the precursor influences the optical performance, although 
the data do not follow any general trend^^.
Material ITEOS/IH 2 O/IBA ITEOS/2 H2 O /IBA ITEOS/4 H 2 O /IBA 2 TEOS/2 H2 O /IBA
Refractive index 1.56 1.43 1.50 1.46
Tliickness (nm) 271 350 16.5 912
Table 3.17. Refractive index and thickness for poly(butyl aciylate)-silica hybrids
Material ITEOS/IH 2 O/IHEA ITEOS/2 H2 O/IHEA ITEOS/4 H 2 O/IHEA 2 TEOS/2 H2 O/IHEA
Refractive index 1.48 1.47 1.47 1.51
Thickness (nm) 251 761 687 1629
Table 3.18. Refractive index and thickness for poly(2-hydroxyethyl acrylate)-silica hybrids
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Furthermore, the refractive index and the thickness of hybrid systems can be tuned by 
modifying the acrylate backbone in the hybrid. Different values have been obtained 
which are displayed in Table 3.18 along with the neat silica. Refractive indices found for 
the synthesised hybrids are in the range 1.43 to 1.70. By comparison with the 
polyacrylate data, which have been previously shown in Table 3.19, the refractive indices 
of the hybrids are lower than their corresponding polymers. Generally, refractive indices 
for the hybrids are lower than the ones for the pure polymer because the refractive index 
for pure silica is smaller than that of the acrylic polymer"^®. The refractive value for pure 
silica is ca.1.37 and it is observed that the value of the hybrid is intermediate. These 
values are in the same range as those found in the literature for ormosils, whose refractive 
indices were from 1.4 with methyl up to 1.55 with the phenyl group^^. The silica 
refr active index found, ca. 1.37, it is slightly low and it may be due to some air entrapped 
in the film. Refractive index reported for silica is 1.458^\ Tg data have been repeated for 
the same sample (PBA-SiO], PtBA-SiO]) 3 times and the values have been found in a 
range o f ± 3°C. Refractive index have an imprecision of ± 0.01 and thicknesses of ± 2 
nm.
IPolyacrylate- 
1 silica hybrid
Refractive
index
Thickness (nm)
SiOz 1.37 1477
PMA-SiOz 1.44 290
PEA-SiOz 1.43 320
PBA-SiOz 1.44 350
PtBA-SiOz 1.44 380
PLA-SiOa 1.46 250
PIA-SiO] 1.50 120
PHEA-SiOz 1.47 760
PFA-SiOz 1.46 380
PEGPA-SiOa 1.70 429
Table 3.19. Refractive index and thickness ofPA-SiOg and silica.
The change of thickness and refractive index with temperature for PBA-SiO] hybrid has 
been studied. The fit values of x|/ for the spectroscopic scan at room temperature and 
when the hybrid is heated are displayed in Figure 3.42 and Figure 3.43 respectively. 
When PBA-SiO] was heated to 200°C at a constant rate, thickness (Figure 3.44) and 
refractive index (Figure 3.45) were measured with temperature.
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F igure 3.42. Spectroscopy \\i fit value for PBA-SiOz hybrid.
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F igure 3.43. Dynam ic vj/ fit value for PBA-SiOa hybrid when it is heated at different wavelengths.
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F igure 3 .4 4 . Thickness variation with temperature for PBA-SiOg.
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Figure 3.45. Variation in refractive index with temperature for PBA-SiOa.
The change of thickness and refractive index with temperature has been studied for 
PHEA-Si02 hybrid. The fit values o f \\f for the spectroscopic scan at room temperature 
and when the hybrid is heated are displayed in Figure 3.46 and Figure 3.47 respectively. 
When PHEA-Si02 is heated to 200®C at constant rate, thiclmess (Figure 3.48) and 
refractive index (Figure 3.49) have been measured with temperature.
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F igure 3.46. Spectroscopy vj/ fit value for PHEA-SiOg hybrid. 
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F igure 3.47. Dynam ic ^l fit value for PHEA-SiOi hybrid when it is heated at different wavelength.
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F igure 3.48. Variation o f  thickness with temperature for PHEA-SiOz.
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F igure 3 .4 9 . Variation o f  refractive index with temperature for PHEA-S102 hybrid.
The change of thickness and refractive index with temperature for 0.1PMEMO-0.9PBA- 
Si02 hybrid have been studied. The fit values o f i|/ for the spectroscopic scan at room 
temperature and when the hybrid is heated are displayed in figures 3.50 and 3.51 
respectively. When 0.1PMEMO-0.9PBA-SiO2 is heated to 200°C at constant rate (figure 
3.52) thickness and refractive index (figure 3.53) have been measured with temperature.
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F igure 3.50. Spectroscopy Y fît value for G.lPMEMO-O.PPBA-SiOa.
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F igure 3.51. Dynam ic v|; fit value for O.lPMEMO-O.PPBA-SiOa hybrid when it is heated at different
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F igure 3.52. Variation o f  thickness with temperature for O.lPMEMO-PBA-SiOa hybrid.
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F igure 3.53. Variation o f  refractive index with temperature for 0.1PMEMO-0.9PBA-SiO2 hybrid.
The refractive index decreases as the temperature increases and this behaviour has been 
found for all hybrids. The refractive mdex decreases when the hybrid is heated and this 
effect is ascribed in this work to the evaporation of water and ethanol from the network 
and further condensation to silica. For PBA-SiOz it is possible to notice an inflexion point 
around 130°C corresponding with the Tg. The same result is found for PHEA-SiOz, but 
the inflexion point is slightly higher around 135°C. These values are in complete 
agreement with the values obtained by DSC which are shown in Figure 3.54.
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Figure 3.54. DSC thermogram for PBA-SiOj and PHEA-SiOa hybrids.
When a polymer is heated over the Tg, the molecular motion increases along with the free 
volume but below the Tg the free volume remains almost constant. The free volume 
remains constant during expansion, when it reaches the Tg value there is a large increase. 
Moreover, a linear relation between the change in thermal expansion coefficient and the 
Tg has been reported"^^.
When these films are heated at a constant rate to 200°C they contract and the refractive 
index decreases. When a thin film is heated at a constant rate, one would expect the 
thiclmess to increase, due to the increased molecular motion, while the refractive index as 
a result decreases. Therefore, these decreases in thiclmess must be due to extra­
condensation of the silica film as observed in the ^^Si NMR and in the FTIR spectra. And 
additionally, the silica network inherence this huge movement of the polymer chains once 
they reach the Tg. When these hybrids are heated, condensation is taking place, as can be
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observed by an increase in the intensity of groups after a postcuring step at 200°C. As 
a result o f this condensation the refractive index decreases due to the removal of water. 
When these films has been heated again the same tendency have been found, both 
refractive index and thicknesses decreases with temperature.
By fitting the data showing reduction in thickness with respect to temperature to a 
straight line, the slope can be used to estimate the thermal expansion coefficient value. 
The gradient is divided by the value of temperature to give a value o f lO''^  K'^ (in some 
sources this can be ppm/°C). This treatment yields values o f -1.92*10''^ IC  ^ below 130°C 
and -3.03*10'^ IC  ^ above 130°C and -7.17=^10*  ^IC  ^ for the PBA-SiOa hybrid;
below 135°C and -7.66*10"* K'* above 135^C for PHEA-SiOz and for PO.lMEMO-co- 
PBA-SiOz -8.25*10"* K * below 160°C and -7.52*10"* K"* above 160°C. These values are 
in the same range and similar to the one found in the literature for ormosils*"*. It is 
possible to notice an increase in contraction after the Tg and this effect might be due to 
the fact that the polymer has reached the Tg and the compound has enough movement to 
relax to a more compact structure.
The refractive index of PHEA-SiOa is higher than PBA-SiOz, due to the fact that this 
value depends on group contributions and the effect of the hydroxyl group is to increase 
it.
This technique allows measurement of the shrinkage for these materials by comparison of 
thiclmess at room temperature, before and after heating to 200°C. The values for some 
PA and PA-S102 films are shown in Table 3.20:
Material PBA PHEA PBA-SiOz PHEA-SiOj O.IPVTS-
0.9PBA-SiO2
O.IPMEMO-
0.9PBA-SiO2
Shrinkage (%) 20 12 4 5 0.98 0.85
From these data we can conclude that the hybrids result in a reduced slirinlcage compared 
to the pure polyacrylates and this reduction is dramatic when an organically modified 
alkoxysilane is used in the hybrid. The latter may be due to the bulky organic components
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filling the pores between the inorganic oxide chains and the fact that the phases and the 
fact that the phases are bonded together in a kind o f interpenetrating network"^ .^
Polv(VTS/MEMO-cQ-butvlacrvlateVsilica hybrid
The effect of adding organically modified silica compounds, VTS and MEMO to PBA- 
SiOi hybrids on the refractive index and the thickness has been studied.
Figure 3.55 and Figure 3.56 represent the different values of thiclmess for P(VTS-co- 
BA)-Si02 and P(MEMO-co-BA)-Si02 and they can be fitted with a line.
When the amount of ormocer added increased the thickness also increased, pendant 
groups in the silica network increased the viscosity due to the presence o f the organic 
component which would lead to reduced connectivity of the silica gel and hence a less 
dense structure' '^ .^ The vinyl groups are smaller and the increase in thickness is not as 
gi'eat as when MEMO is added.
P(VTS-co-BA)-SIOz
R ' = 0.9816
VTS molar ratio to BA
F igure 3.55. Thickness o f  P(VTS-co-BA)-8i02 as a fonction o f VTS molar ratio to BA.
108
Chapter 3. Photochemical synthesis and characterisation o f  polyacrylate-silica hybrids
P(MEMO-co-BA)-Si02
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F igure 3.56. Thickness o f  P(MEMO-co-BA)-Si02 as a function o f MEMO molar ratio to BA
The refractive index remained almost the same and Figure 3.57 and Figure 3.58 represent 
these data. The values do not follow any general trend and for Figure 3.58 a parabola can 
be used to fit them, however in order to do so properly more points will be required.
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1.46 
n 1.455 
1.45 
1.445 
1.44 
1.435 
1.43
?
0.1 0.5
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F igure 3.57. Refractive index o f  P(VTS-co-BA)-S i02 as a function o f  VTS molar ratio to BA
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MEMO molar ratio to BA
F igure 3.58. Refractive index o f  P(MEMO-co-BA)-Si02 as a function o f MEMO molar ratio to BA.
Refractive index increases when a coupling agent is added to the PBA-SiO] hybrid. Thus, 
when 10% of VTS is added the phases in the material are dispersed more homogeneously 
than PBA-SiO] and the refractive index increases. In contrast, when 10% of MEMO was 
incorporated the existence of different domains is still seen in the structure as shown 
previously by the SEM results and therefore this value increases only slightly. When 
ormocers are added the shrinkage of the final products is reduced"^ .^
3.3.2.4. Microwave loss
Microwave loss, whose method procedure is displayed in chapter 2, has also been 
compared between the different kinds of hybrids and the values are displayed in Table 
3.21.
Table 3.21. M icrowave loss for hybrid materials and silica.
Material PHEA-SÎ02 PBA-S102 O.IPVTS-
0.9PBA-S1O2
O.IPMEMO-
0.9PBA-S1O2
Si02
Tan Ô 0.098 0.031 0.027 0.018 0.011
The types of interactions in the hybrids determine microwave loss data and thus the 
hybrids which are joined by covalent bonds have a lower value than PBA-SiOz. The 
microwave loss is related to the polarisability and the network of PHEA-SiOz, which is 
joined by hydroxyl bonds, gives some polarity to the system. PBA-SiO] displays smaller 
values since only non-polar interactions occur and these will be reduced with the addition
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of some coupling agent. It may be due to the introduction of further silicon in the film 
since the silica value is low.
3.3.2.S. DSC Data
Polyacrylate-silica hybrids push the Tg to higher temperatures compared with the pure 
polyacrylates. The glass transition temperature (Tg) of the hybrid material is associated 
with co-operative motion of long chain segments, which may be hindered by the 
inorganic oxide network formed from the hydrolysis of TEOS by decreasing the fi*ee 
volume'^^’'^ .^ Figure 3.59 shows a shift for PtBA when the hybrid is formed and the hybrid 
Tg is not so appreciable. The glass transition is not so noticeable for the polymers in the 
silica matrix revealing the uniform distribution of the polymer in the matrix and steric 
confinement of the polymer chains by the silica network.
PtBA
0 .2 -
Iu.I
PIBA-Silica
0.0 70 80 100 110
Temperature (°C)
120 140130 150
Universal V 3 .4 C  TA  InstrumentsExo Up
F igure 3.59. DSC scan for PtBA and PtBA-SiOz hybrids.
Tg values for PA and PA-SiOz hybrids are displayed in table 3.22. By comparison it is 
possible to observe the shift in the Tg values when the hybrid is formed.
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Polyacrylate T , m 1 Polyacrylate-1 silica 
hybrid
TgCC)
PMA 100 PMA-SiOz 140
PEA 99 PEA-SiOz 150
PnBA 104 PBA-SiOz 130
PtBA 111 PtBA-SiOz 127
PLA 115 PLA-SiOz 130
PIA 87 PIA-SiOz 130
PHEA 102 PHEA-SiOz 128
PEA 100 PFA-SiOz 160
PEGPA 136 PEGPA-SiOz 170
The effect o f adding different proportions o f silica coupling agent on the Tg has also been 
studied. Figure 3.60 shows the DSC scans when VTS has been added and Figure 3.61 
when MEMO has been added.
0.6
PBA-silIca
0.4 -
0.1 VTS•S’
SI
0.5 VTS0.2-
0.9 VTS
0.0 60 100 110 120 130 140 150 160 170 180
T em perature (°C)
190 200
Universal V3.4C  TA  InstrumentsExo Up
F igure 3.60. DSC thermograms for VTS-PBA-Si02 hybrids.
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Figure 3.61. DSC thermograms for MEMO-PBA-SiOz hybrids.
The glass transition temperature range of the composites depends on the composition, in 
the degree of mixing and the morphology"^^. The effect of adding organically modified 
alkoxysilanes is to increase the Tg value: there is just one transition which indicates the 
good miscibility of the copolymer and also confining effect within Si0 2  network and as a 
result the Tg shifts to higher temperatures. It has been reported that for a system based on 
the copolymerisation of MEMO and BA and for further proportions of 50% of the 
copolymer two, Tg values appear as a result of two different organic chain segments 
surrounding the hybrid materials. However, in this work this behaviour does not occur 
and the copolymer Tg is not so appreciable due to the enhancement of rigidity by the 
silica.
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3.4. CONCLUSIONS
Polyacrylate-silica hybrid thin films were prepared from TEOS and acrylate monomers 
by UV curing. The structures were studied by means of SEM and it was observed by 
mapping silicon, carbon and oxygen that PBA-Si0 2  presents different domains joined by 
hydrogen bonds which were observed in the FTIR, NMR and ^^Si NMR spectra. 
When PBA-Si02 was heated, the number of the silica condensed groups (Q"^ ) increased 
and as a result the thiclmess decreased. However, PHEA-S102 presents just one 
homogeneous structure, joined by hydrogen bonds between the carbonyl, hydroxyl and 
silanol groups. When PHEA-S102 was heated similar behaviour to PBA-Si02 was found.
Different proportions of alkyltrimethoxysilane were added into the silica hybrids and as a 
result the thiclmesses were increased and the shrinlcages were dramatically reduced. 
When 10% of MEMO were added the structure still presented different domains, 
nevertheless for further amounts just one homogeneous phase was found.
The measurement of the glass transition temperature is a useful way to study the 
miscibility of a blend system"^ .^ When the hybrid was synthesised the Tg was shifted to 
higher temperatures relative to the polymer. This phenomenon is due to good miscibility 
and the confinement of the polymer in the hybrid. Again, when ormocers were 
copolymerised with BA just one Tg value was found at higher temperatures.
Different hybrids were synthesised by varying the main alkyl chain, which gives a range 
of refractive index, Tg values and thickness. Tg values are higher than for the 
polyacrylates and refractive index values generally are lower than for the polymers.
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4.1. INTRODUCTION
The fabrication of integrated optical devices using hybrid materials has received an 
increasing amount of attention during the last few years. The importance of organic- 
inorganic hybrids prepared via sol-gel chemistry in the vast majority of technological 
applications makes them an attractive target for this chemistry. One way of expanding 
these materials is by using alternative precursors to silica. Organic-inorganic hybrids 
based on titania and hafhia have been studied in this chapter as materials with 
potential applications in optoelectronics. These metal oxides possess high refractive 
indices and may be used to tailor this parameter, for instance titania films have been 
prepared with a range of refractive indices between 1.95 and 2 . l \  Ceramics and thin 
films are widely prepared by the sol-gel process^ and, for example, TiOi, Z1O2 and 
their composite films have been widely investigated for various optical applications^' 
. Hafnium also belongs to group 4 and its oxide appears to be a promising material 
for these a p p l i c a t i o n s , having high thermal stability, high chemical resistance^ 
high dielectric constant^^, etc. Consequently, it also offers potential benefits in the 
ceramics, catalyst and paint industries'^ and in the manufacture of nanofiltration 
membranes^Hafhia  powders have been synthesised in several different ways: the 
sol-gel process, precipitation method and hydro-thermal s y n t h e s i s A  number of 
techniques has been used to investigate the preparation of hafhia films including 
sputtering, chemical vapour deposition (CVD)^"  ^ and atomic layer depositions 
and a few studies involving sol-gel derived hafiiia films^® have been 
reported, e.g. using HfCU as a starting material^\ Photo-assisted sol-gel processing 
using excimer lamps has also been found to produce high quality films with high 
refractive indices up to 1.9^ .^ As far as we know, organic-inorganic hybrids of hafhia 
have not yet been synthesised and therefore and inspired by the points made above the 
synthesis of these hybrids concern this chapter. Additionally, organic-inorganic 
hybrids of titania have been already reported^^, although most of the work was 
concentrated in the study of polyimide-titania hybrids^^’^"^ and there has hardly been 
research on polyacrylate-titania hybrids, just a few papers on poly(methyl 
methacrylate)-Ti0 2 ^^ ’^  ^hybrids via thermal polymerisation. Therefore this research 
has been extended with the novel synthesis of a series of polyacrylates-titania hybrids 
by UV polymerisation.
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4.1.1. GROUP IV ELEMENTS
Titanium is a moderately common element, the ninth most abundant element in the 
Earth's crust and has been known for over 170 years. To date, its most important 
industrial applications are in the paint industry as its oxide, either rutile or anatase^^. 
Titanium is the first member of the 3d-block elements and its outer shell configuration 
is 3d^, 4s^. Hafnium is the second member of the 5d-block elements and its outer shell 
configuration is 4f^\ 5d^ 6 s .^ Zirconium and hafiiium present high similarity and are 
very difficult to separate. The most stable and common oxidation state among these 
elements is four. Titanium's most common coordination number is six while in 
zirconium and hafnium the commonest coordination number is eight^^, their ionic 
radii are displayed in Table 4.1^^ and the ionisation potentials are displayed in Table 
4.2^^
Elements 22xi 72Hf
Ionic radii (nm) 0.068 0.079 0.078
II I2 I3 I4
Ti 6.82 13.57 27.47 43.24
Zr 6.84 13.13 22.98 43.33
H f 7.00 14.9 23.2 33.30
4.1.2. HYBRIDS BASED ON TRANSITION METAL OXIDES
One approach to synthesise transition metal hybrids, e,g. involving titanium or 
hafnium, has its basis in the use of complexing ligands^^ (see Introduction). Thus, 
titanium forms coordination compounds with oxygen and nitrogen organic 
compounds, which include diketones as acac, P-ketoesters as acetoacetate ester 
(Figure 4.1), glycols, dicarboxylic acids, hydroxy acids, diketones, or 
aminoalcohols^\ polyols whose structure is proposed as /^exa-coordinated titanium 
atom with four covalent and two coordinate bonds (Figure 4.2).
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:0
( R 0 ) 3 t /  ^ c h  hc \ h
\ = /  w i , \0 = = ^  y — o  6R O =
R' /  R'
Where R =  alkyl and R' =  MeO and EtO
F igure 4.1. Structure o f  chelated complexes o f  titanium and acac (left) and aceto-acetate esters
(right)^\
Figure 4.2. Structure o f  compound o f  titanium and polyols31
Additionally, it is well established that acrylic and methacrylic ligands can be used as 
polymerisable chelating ligands^^ and in this study a series of acrylates has been used 
for the synthesis o f transition metal hybrids. They play a double role: as chelating 
ligands as well as introducing a polymerisable group to form the organic-inorganic 
hybrid. This avoids the use of additional chelating agents which may lead to 
shrinkage.
In this chapter the synthesis of polyacrylate-titania/hafhia hybrid films using the sol- 
gel process and UV photo-polymerisation is reported. An attractive feature of the new 
hybrid films is their potentially tunable refractive index achieved by varying the 
acrylate monomer. Refractive index and thickness were measured by UV ellipsometry 
and the film structures were characterised using NMR, Raman and FTIR 
spectroscopy and SEM. Finally, DSC was employed to determine the thermal 
behaviour of the films.
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4.2. EXPERIMENTAL
4.2.1.MATERIALS
Tetraisopropoxytitanium 99% (Fisher), hafiiium tetrachloride 99% (Fisher), absolute 
ethanol 99.7% (Aldrich), nitric acid d=1.49 g cm‘^  (Aldrich), methyl acrylate 99% 
(Aldrich) [MA], ethyl acrylate 99% (Aldrich) [EA], «-butyl acryate 99+% (Aldrich) 
[BA], ^-butyl acrylate 98% (Aldrich) [tBA], 2-hydroxyethyl acrylate 96% (Aldrich) 
[HEA], isooctylacrylate inhibited with 75-125 ppm of monomethyl ether 
hydroquinone [lA], ethyleneglycolphenyletheracrylate (inhibited with 100 ppm 
hydroquinone (Aldrich) [EGPEA], 2,2,3,3,4,4,5,5,6,6,7,7-dodecafluoroheptyl acrylate 
(inhibited with 0.01% 4-r-butylcatechol) [FA], 3-methacryloxypropyltrimethoxysilane 
98% (Aldrich) [MEMO], 3-glycidoxypropyltrimethoxysilane 97% (Fisher) [GLYMO] 
and 1 -hydroxycyclohexyl-phenyl ketone [hrgacure 184] kindly supplied from Ciba, 
were all used as received.
4.2.2. METHODS AND MEASUREMENTS
An UV-flood lamp fitted with an unfiltered 400W cadmium-doped metal halide lamp 
was used for UV curing.
Infrared (IR) spectra were recorded on a Perkin-Elmer 2000 FTIR Spectrometer 
interfaced with a Perkin-Elmer computer. An ATR attachment was used averaging 
over 16 scans at a resolution of 4 cm '\ Raman spectra were obtained on a Perkin- 
Elmer System 2000 FT-RAMAN spectrometer.
Solid-state NMR experiments were performed on a Varian UNITY/«ova with a 7.05 
T Oxford Instruments magnet. NMR spectra were acquired at 75 MHz using cross 
polarisation NMR spectroscopy with a contact time of 30 ms.
Surface morphologies were evaluated using a Hitachi S-3200 Variable Pressure 
scanning electron microscope with a backscattered electron detection. EDX was also 
performed.
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Refractive index and thickness were measured on a WOOLLMAN WVASE 
ellipsometer with 70° of incident angle, of thin film spin coated over 1 mm-silicon 
wafers from 600 cm'^-1200 cm'*.
Differential scanning calorimetry (DSC, TA QlOO) was used for the investigation of 
glass transition temperature variation of synthesised hybrid materials. The glass 
transition temperature is taken as the onset o f the change in heat capacity. An 
appropriate amount of samples {ca. 5 mg) was sealed in hermetically-sealed 
aluminium pans, under an inert atmosphere of nitrogen at a flow rate o f 30 cm^/min 
with a ramp rate of 10 K/min.
4.2.3. PREPARATION OF POLYACRYLATE-TITANIA HYBRIDS
The sol-gel solution was formed by mixing under nitrogen at room temperature a 
solution of titanium isopropoxide (1.04 cm^, 3.49 mmol) dissolved in high purity 
ethanol (2 cm^, 33.9 mmol) with an addition o f a small quantity of O.IM HNO3 (0.024 
cm^, 0.063 mmol), H2O (0.1 cm^, 5.55 mmol), acrylate monomer (6.97 mmol) and a 
photoinitiator (hrgacure 184) (0.057g, 0.28 mmol). After one hour a milky solution 
was obtained due to the rapid hydrolysis of the metal compound. In an attempt to 
address this problem and according to a published method^*, the water (0.1 cm^, 5.55 
mmol) was added carefully as a dilute solution in absolute ethanol (1 cm^, 16.95 
mmol) over a period o f ten minutes with stirring. After one hour, when hydrolysis and 
condensation had taken place, a transparent solution was formed. This was spin 
coated on to silicon at a speed of 2000 rpm followed by UV exposure for 20 minutes 
for the polymerisation of the acrylates as is represented along with the hafhia hybrid 
synthesis in Figure 4.3. The volumes of acrylates conesponding to 6.97 mmol of 
acrylates along with the FTIR and Raman spectroscopic signals o f the hybrid films 
and their appearance are displayed in Table 4.3. Note that HNO3 has been employed 
as catalyst instead of HCl which where used for the preparation of polyacrylate-silica 
hybrids because it has been followed a published method. The final films have been 
stored as powders in vials at room temperature.
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4.2.4. PREPARATION OF POLYACRYLATE-HAFNIA HYBRIDS
The preparation of these hybrids has been carried out following the same 
methodology presented above for polyacrylate-hafhia hybrids. The sol-gel solution 
was formed by mixing a solution of hafiiium tetrachloride, HfCU, (0.5 g, 1.56 mmol) 
dissolved in absolute ethanol (2 cm^, 33.9 mmol) with addition of a small quantity of 
HNO3 (0.02 cm^, 0.06 mmol), acrylate (1.56 mmol) and photoinitiator (Irgacure 184) 
(0.013 g, 0.063 mmol) under nitrogen at room temperature. After ten minutes, water 
(0.1 cm^, 5.55 mmol) was added carefiilly as a solution in ethanol (2 cm^, 33.9 mmol) 
and after one hour a transparent solution was formed through two simultaneous 
chemical processes, hydrolysis and polymerisation of hafiiium precursor. The solution 
was then spin coated on to silicon at a speed of 2000 rpm followed by UV exposure 
for 2 0  minutes to initiate the polymerisation of the acrylate monomers and to remove 
OH groups and condense unreacted Hf-OH, so as to improve the quality of the 
resulting hafhia*^. The final films have been stored as powders in vials at room 
temperature.
Table 4.4 shows the volume of acrylates corresponding to 1.56 mmol and the different 
silica coupling agents [SCA] which were added to the PBA-HfOz hybrids along with 
the spectral signals of the final products and their appearance.
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Hydrolysis and 
condensation
Polymerisation and 
dryingUV radiation
Sol
Spin coating
Acrylate
Water, nitric acid 
and ethanol
Titanium isopropoxide 
Hafnium tetrachloride
Polyacrylate-titania/
Polyacrylate-hafnia
hybrids
Figure 4.3. Preparation o f  processing for polyacrylate-titania/hafhia coatings.
In this synthesis the time for hydrolysis and condensation was set as one hour, as 
gelation occurs rapidly using these transition metals.
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Tab le 4.3. Proportions o f  acrylates for preparing PA-TiOz.
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Tab le 4.4. Proportions o f  acrylates for preparing PA-HfOg and its resulting spectral signal.
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4.3. RESULTS AND DISCUSSION
The synthesis of these materials has been carried out successfully. Thus, the hafhia 
and titania network have been achieved as well as the polymerisation of the acrylate. 
The time of hydrolysis and condensation have been set at 1 hour, longer times lead to 
gel formation. Transparent and semitransparent films have been obtained, which is an 
indication o f the interpenetration o f both organic and inorganic components via 
M-O-C.
The structures of these films were analysed by means of SEM and FTIR, Raman and 
NMR spectroscopy and the thermal properties have been studied by DSC. The 
results of the structural studies indicate that the M-O-C remaining bond in the hybrid 
gives cohesion to the structure between the transition metal and the oxygen from the 
acrylate. Furthermore, refractive index tuning can be achieved by varying the nature 
of the acrylate monomer.
Hybrids of both transition metal oxides, hafhia and titania, seem to follow the same 
trend in the signals of polyacrylate-ceramer hybrids (Tables 4.3. and 4.4.). Thus, for 
the majority, it is possible to notice a shift in the carbonyl signals which indicates a 
direct association of the carbonyl with the empty d orbitals o f the transition metal, 
which keep cohesion in the final structure. In contrast, when the acrylate present 
contains another oxygen atom in the chain, which is the case for PHEA and PEGPA, 
this carbonyl signal appears at its normal frequencies. However, the hydroxyl group 
does shift, which indicates a possible interaction of the electrons o f the oxygen with 
the transition metal. Two examples have been used in an attempt to explain and study 
this trend: PBA and PHEA hybrids and these are analysed using different 
spectroscopic methods.
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4.3.1. "C NMR SPECTROSCOPY
The '^C NMR spectrum for an example PHEA-TiO; is displayed in Figure 4.4.
'CNMR CbCa
Ca
C=0 ’2 \ CbOH
PHEA-TiO;
150 100200 50 0
ppm
F igure 4.4. NMR spectrum ofPHEA-TiOz.
In Chapter 3, the synthesis of poyacrylate and polyacrylate-silica was studied using 
NMR spectroscopy and the chemical shifts obtained appeared at similar 
frequencies for the corresponding polymer and hybrid, particularly in the cases of 
PHEA and PHEA-SiOa for which signals were obtained at ca. 64 ppm (Ci) and 175 
ppm (0=0). However, for PHEA-TiOi the signal at ca. 175 ppm does not shift, but 
rather an additional signal emerges ca. 75 ppm corresponding also with Ci. The latter 
may be an indication o f a co-ordinate interaction between these oxygens acting as 
complexing agents with the titanium (Figure 4.5)
^ O H
Figure 4.5. Possible structure for PHEA-TiOa.
Additionally, an example for the other general trend is shown in Figure 4.6.
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‘CNMR
Ça
Ca
0= 0 ,PBA-T1O2
250 150 100200
ppm
Figure 4.6. C NMR spectrum PBA-TiO^,
In contrast, in the NMR spectrum for PBA-TiOa the chemical shifts for the 
carbonyl carbon signal and Ci are not discernible at 175 and 64 ppm (where they 
appeared for PBA and PBA-Si0 2 ). Furthermore, two weak signals emerge, at ca. 98 
and 91 ppm, which may he due to an interaction of both oxygen electrons from the 
polyacrylate with the titanium^^ as it is represented in Figure 4.7. However, this 
structure involves a 4-member ring whose probability is low. Alternatively, this 
interaction may just occur by the donation of the electrons from the carbonyl group to 
the titanium as it is also shown in the right hand side in Figure 4.7.
^ O - -  T i-0
O
Figure 4.7. Possible structures for PBA-TiOa.
4.3.2. FTIR SPECTROSCOPY
FTIR spectroscopy has also been used in order to study the interactions between the 
acrylate and the titania in the hybrid. FTIR spectroscopy may provide information 
about the formation of the complex and about the coordination site. Thus complex 
formation is accompanied by a shift to lower frequencies in the v(C-O-C) of ethers
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and in the v(C==0) in aldehydes, ketones and ester as it was found for group IV 
coordination compounds^^.
Figure 4.8 shows examples of the FTIR spectra o f PBA-TiOa and PHEA-Ti0 2  
hybrids. The broad band at ca. 3330 cm’  ^ is associated with the stretching vibrations 
of OH groups and is broader in the case of PBA-TiOi hybrid. Both spectra show 
several sharp bands at around 2920-2850 cm'^ corresponding to the stretching of CH2 
and C H 3  groups. The main difference between both spectra lies in the C=0 region: 
PHEA-Ti0 2  shows a sharp C=0 stretching band at 1718 cm"\ whereas PBA-T102 
shows bands at ca. 1585-1520 cm'^ which correspond to the acrylate groups bonded to 
titanium. This shift has previously been reported for poly(methyl methacrylate)-titania 
hybrids and has been attributed to the bonding of acrylate groups to titanium in the 
hybrid^^. Furthermore, PHEA-Ti0 2  shows a shoulder in the signal at 1159 cm '\ 
ascribed to the hydroxyl bond, which may be due to the formation of a coordinate 
bond with titanium (Figure 4.6). This indicates that the acrylate groups are bonded to 
titanium in the final hybrid for both kinds of hybrids. The broad signal at 800-600 
cm“^ is due to that Ti0 2 "^^ . These results are in complete agreement with those arising 
from NMR spectroscopy.
Ti-O
c=o
C-H
O-H
A PHEA-TiO;
C=0 ->Ti
PBA-TIO;
3600 1100 6003100 2600 2100 1600
cm
F igure 4.8. FTIR absorbance spectra o f  PBA-TiOa and PHEA-TiOa
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These techniques were also used to analyse the formation of poly(acrylate)-hafnia, the 
more significant signals discussed being those associated with Hf-O and C=0. From 
the Raman and FTIR spectra of neat hafhia films it is possible to notice the following 
signals ascribed to the H f-0 bond: 435cm’  ^ (Raman), which is in agreement with 
previous Raman studies on the characterisation of hafhia films^^, and 636 and 803 }
cm'^ in the FTIR spectrum. |
I
Poly(acrylate)-hafhia hybrids show successful hafhia foimation and it is noteworthy |
that Hf-O bond signals appear around 400 cm'^ in the Raman spectra and around 600 !
cm'^-800 cm"  ^ in the FTIR spectra, which are in agreement with neat hafhia film 
signals.
Two general trends were found and an example of each is illustrated in Figure 4.9.
When the acrylate does not have any extra oxygen atom in the alkyl chain, the C=0 
signal shift to 1400-1600 cm"\ However, when the acrylate monomer contains 
additional oxygen atoms in the chain, e.g. HEA and EGPA, then the C =0 signal is 
appreciable in the typical region, around 1700 cm '\ It may be that the other oxygen 
confers electronic density to the hafhia and in the case of HEA, may form hydrogen 
bonds although the spectrum is not clear enough to ascertain this beyond doubt. In 
both cases, the spectra indicate, along with their transparency, that both components 
organic and inorganic in the hybrids are bonded together via Hf-O-C bond. Possible 
structures o f these hybrid interactions for both trends are displayed in Figure 4.10.
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C=0
C-0 Hf-O
CH.C-H
OH
P HEA-H fO ;
A
C=0->Hf
PBA-HfO-
3600 3100 2600 2100 
cm^
1600 1100 600
F igure 4.9. PBA-Hf02 and PHEA-HfOz FTIR absorbance spectra.
^ O H  
Possible structure
for PHEA-HfO]
-9
. 0  -Hf -OIo
I n *  , 0  
/ = 0 - -  Hf-O 
O ^0
Possible structures for PBA-HfO]
Figure 4.10. Possible structures for PA-HfO] hybrids.
4.3.3. SEM
The microstructure of these hybrids was characterised using SEM and the results 
indicate that in the hybrid materials, polyacrylate and titania show a high degree of 
miscibility and do not display phase separation. PBA-TiO] is shown in Figure 4.11 
and PBA-TiO] in Figure 4.12.
F igure 4.11. SEM micrograph o f  PHEA-TiO;. Figure 4.12. SEM micrograph o f  PBA-TiO;.
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The microstructure of the polyacrylate-hafhia hybrids was also studied. In this case, 
the texture is different from the polyacrylate-titania hybrids, the former develop 
different morphologies depending on the acrylate monomer used for the synthesis. 
Poly(butyl acrylate)-hafhia has a porous appearance (Figure 4.13), whereas poly(2- 
hydroxyethyl acrylate)-hafriia in which the hydroxyl group present in the chain can 
form hydrogen bonds with the hafhia gives a more compact structure, (Figure 4.14) 
The results indicate a higher degree of interpenetration between organic and inorganic 
components when the 2 -hydroxyethylacrylate-hafhia was used.
Figure 4.13. PBA-HfO; SEM picture. Figure 4.14. PHEA-HfO; SEM picture.
Additionally, it is worthy of note that a peculiar structure was found for the hybrid of 
poly(0.5MEMO-co-BA)-hafhia (Figure 4.15). This may be interesting for other 
applications which may require different morphologies rather than spherical. It has 
also been reported that hafhia particles of narrow size distribution are produced by 
aggregation o f much smaller subunits^^. EDX of the needles shows they are composed 
of hafiiium along with silicon, carbon and oxygen. The sizes of these needles are in 
the range from 1.2 pm with x 25 pm length to 0.6 pm with x 12 pm long.
Figure 4.15. Poly(0.5MEMO-co-BA)-hafnia SEM picture
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4.3.4. ELLIPSOMETRY AND DSC RESULTS
Initially, the refractive index of hafhia was determined in order to compare this value 
with those the hybrids. The hafhia film has a refractive index value of 1.819 (at 632.8 
nm) as shown by the fit data. (Figures 4.16 and 4.17)
Generated and Experimental cauchy Optical Constants
Exp E 70’
w 27
“24
B- 21
700 900 1000 1100600 800 1200
W avelength (nm)
F igure 4 .1 6 . vj/ fit value for hafhia film.
1.8200 0.10
8190
i:
0.08 mI0.06 o'8180
8170
0.04 38160
0.02 Z8150
81401 0.00600 700 800 900 1000 1100 1200
W avelength (nm)
F igure 4.17. Refractive index fit for hafnia film.
Refractive index and thicloiess for the polyacrylate-hafhia films are summarised in 
Table 4.5 along with their Tg data.
Hybrid
material
PBA-
HfOz
PtBA-
HfOa
PHEA-
HfOz
PIA-
HfOz
PEGPA
-H fO z
PFA-
HfOz
P0.5GLYMO-
co-BA-HfOz
PMEMO-
HfOz
Refractive
index
1.62 1.59 1.66 1.64 1.75 1.61 1.56 1.51
Thickness
(nm)
162 237 200 147 818 134 495 856
TgCC) 113 86 150 112 115 101 120 114
Refr active indices were obtained in the range o f ca. 1.44-1.7 and these values were 
found to be slightly higher than those found for polyacrylate-silica hybrids and 
polyacrylates, previously discussed in Chapter 3. The higher value, similar to that 
obtained for polyacrylate-silica hybrid films, was found for PEGPA-Hf0 2  which 
contains a phenyl group, and for PHEA-Hf0 2 , which has hydroxyl groups, the effect 
of these groups being to increase the value. When a silane coupling agent is added the 
refractive index decreases, getting closer to that observed for silica and at the same 
time thickness increases.
Tg values were found to be around 100°C, the highest value for PHEA-Hf0 2  must be 
due to the polymer hindrance to movement afforded by the hydrogen bonds.
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Finally, the PMEMO-HfOz film was heated at constant rate o f 3 K/min and the 
magnitude of the thickness value was studied, (Figure 4.18). An inflexion point, 
which coincides with the Tg value^^, appeared at 115°C and is in agreement with DSC 
data. Additionally, the thickness decreases with increasing temperature, i.e. similar 
behaviour to that previously reported for hafiiia films^ "^ . The decrease in thickness 
shows different steps which may be due to a different compacting form or further 
evaporation of the solvent and of course to the Tg effect commented on above.
Thickness
870
840
810
780
750
720 55 115 145
Temperature (°C)
175 205
Figure 4.18. Thickness variation with temperature for PMEMO-HfOa,
For PA-TiOz ellipsometry has been used to measure the refractive index and thickness 
of these hybrids and these parameters are shown in Table 4.6. DSC was used to 
measure glass transition temperatures, but these values were not discernible. This 
could be due to the fact that, in the hybrid, the organic-inorganic interactions greatly 
hinder the movement o f the polymer chain.
Table 4.6. Refractive index, thickness and Tg data for poly(acrylate)-titania
Hybrid
material
PEA-
TiOz
PBA-
TiOz
P B A -
TiOz
PIA-
TiOz
PLA-
TiOz
PHEA-
TiOz
PEGPA-
TiOz
PFA-
TiOz
Refractive
index
1.71 1.72 1.72 1.73 1.64 1.65 1.67 1.68
Thickness
(nm)
407 273 349 407 1.47 705 917 652
From the values displayed in the above table it is possible to notice an increase in 
refractive index value compared with the polyacrylate-hafiiia hybrids. Surprisingly, 
the highest values were found for PIA-TiOi, PBA-TiOz and PtBA-TiOz and this may 
due to the type of interaction between the titanium and the acrylate.
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From the comparison of the data shown in Tables 4.5 and 4.6 it is interesting to notice 
high values o f refractive index found for hybrids of different acrylates. On one side 
for polyacrylate-hafhia higher values, ca. 1.7, are reached when the acrylate has an 
oxygen atom in the chain and on the other side, polyacrylate-titania reached the 
highest values, also ca. 1.7, for polyacrylate which does not contain this oxygen atom. 
The main reason may be based on the fact that the different acrylates lead to different 
interactions in the hybrid material as has been discussed previously. Thus, the 
interaction o f titanium-acrylate via carbonyl bonds leads to the highest refractive 
index materials. In contrast, the interaction of hafhium-acrylate via alkoxide bonds 
leads to the highest refractive index material. However, an explanation for this 
specific trend has not been found. It may be due to the different radii o f between the 
titanium and hafiiium elements as well as between alkoxide and carbonyl groups. 
Following this possible explanation it has been observed that high refractive index 
values have been found when different sizes o f the acrylate group and the atom are 
combined, for instance titanium (smallest atom) with carbonyl (the biggest group) 
which may lead to higher interactions and push the refractive index value up. 
Different effects should be taken into account and this is just one possible reason.
Furthermore, polyacrylate-titania hybrids do not show an obvious Tg in contrast with 
those based on polyacrylate-hafhia. This fact may rely on a stronger interaction 
between titanium and the acrylate. This element is more electronegative and has a 
smaller radius than hafiiium and therefore the interaction with the complex ligand 
may be stronger.
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4.4. CONCLUSIONS
The novel synthesis of polyacrylate-titania/hafhia hybrids has been carried out via sol- 
gel processing and photopolymerisation to yield transparent and semitransparent 
films. This attractive method o f synthesis is based on the dual role o f the acrylates. 
They act as complexing agents allowing the formation of M-O-C coordinative bonds 
as well as acting as monomers in the hybrid network. Despite, this, it is highly 
interesting to note the two different trends which have been observed, depending on 
the type o f acrylate used. Thus, when the side chain possesses an oxygen atom it is 
used for the coordination to metal while for the rest of the acrylates this interaction 
occurs with the carbonyl group. Possible structures for both methods have been 
proposed.
Furthermore, both series of hybrids lead to the production o f transparent of 
semitransparent films, which indicates the good miscibility, a feature that is also 
obseiwed using the SEM which reveals homogeneous structures except in the case of 
4.15.
The synthesis of these hybrids leads to high refractive index materials ca, 1.7, for 
different acrylates used depending on the type o f hybrid. Glass transition temperature 
is observed for polyacrylate-hafhia hybrids at ca. 100°C, in the same range as 
polyacrylate-silica hybrids (Chapter 3), and it is not discernible for polyacrylate- 
titania hybrids. The latter effect may be due to polyacrylate-titania hybrids having a 
higher interaction which hinders the movement of the polyacrylates.
Hence, these properties such as transparency, high refractive index, etc. , make the use 
o f titania and hafiiia hybrid materials potentially suitable for optoelectronics.
1
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Chapter 5. Curing o f  epoxy resins incorporating nanoparticles
5.1. INTRODUCTION
5.1.1. EPOXY RESINS
Epoxy resins, as their name indicates, are characterised by an epoxy group, known 
also variously as an epoxide, oxirane or ethoxyline group, which consists of a three- 
membered oxide ring as shown in Figure 5.1. The epoxy monomers contain more than 
one epoxide group per molecule and they undergo cross-linking through these 
groups \
O
F igure 5.1. Structure o f  an epoxy group.
These materials form a class of versatile, thermosetting polymers which are 
extensively used as high performance materials The commercial possibilities for 
epoxy resins were first recognised by DeTrey Frères in Switzerland and DeVoe and 
Raynolds in the United States^, They were first offered commercially in 1946 and are 
now used on a large scale for adhesive, laminating, coating and casting applications. 
However, there are limitations in some of these applications due to low toughness of 
epoxy composites.
Their more remarkable characteristics are high chemical, moisture and corrosion 
resistance, good mechanical and thermal properties, outstanding adhesion to various 
substrates, low shrinkage upon cure, flexibility, good electrical properties and ability 
to be processed under a variety of conditions'^.
DGEBA (diglycidyl ether of bisphenol A) is the resin most commonly used due to its 
balance of properties, such as fluidity, low shrinkage during cure and ease of 
commercial processing^. However, while the cured products have excellent moisture, 
solvent and chemical resistance and good physical strength, they are brittle and 
measures should be taken to improve fracture toughness.
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5.1.2. CURING OF EPOXY RESINS
Epoxy resins exhibit optimum performance properties through cross-linking reactions 
with a curing agent which convert them into a three-dimensional network^; this 
process is called "curing" or "hardening".
There are two types o f curing agents: catalytic and polyfunctional. The former act as 
initiators and lead to epoxy resin homopolymérisation (polyéthérification), whereas 
polyfunctional ones are used in approximately stoichiometric amounts and function as 
a comonomer in the polymerisation process. In most cases it is an ionic 
polymerisation, either anionic or cationic depending on the curing agent.
The curing process is also affected by the epoxy resin environment and steric factors 
o f the surrounding groups may influence the ease of cure. The presence o f an 
electron-withdrawing group adjacent to an epoxy ring often enhances the reactivity of 
the epoxy to nucleophilic reagents, but hinder its reaction with electrophilic reagents^.
The choice o f curing agent depends on processing methods, curing conditions and 
properties desired. For example, epoxy-anhydride systems exhibit low viscosity and 
long pot life, low exothermic heats of reaction and little shrinkage when cured at 
elevated temperatures.
The vast array of applications for these systems in electronics and electrical industries 
makes them highly studied systems whose kinetics and mechanisms have been widely 
studied^.
However, the reaction mechanism between epoxy resins and anhydrides has not been 
fully elucidated, but it is believed to follow either éthérification or estérification. Both 
mechanisms are displayed in Figure 5.2^. When no catalyst is used, epoxy-anhydride 
systems react chemically by consecutive estérification addition steps involving 
carboxylic acid group intermediates and simultaneous addition éthérification. For 
example, for a glycidyl ether-phthalic anhydride system it was found that 
éthérification occurs to an almost similar extent as estérification even for equivalent 
quantities
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This curing reaction proceeds slowly even at 200°C and both mechanisms occur. For 
optimum performance from an uncatalysed anhydride-epoxy system, the hydroxyl 
content should be controlled with a reasonably long cure time and a sufficiently high 
cure temperature.
Addition Estérification:
monoester formation;
OH
R 1 - C - R 2 O - C H
R2
HO
diester formation:
OH
R 3 - C - C - 0 O - C H
R2
R3O - C H
R2
HO
Addition Ethérification:
OH ?H
H C - 0 - C - C - R 3  
R2 ^2 H
Where R l, R2 and R3 are organic groups.
Figure 5.2. Possible mechanisms for the cure o f  epoxy resin by anhydride
Basic catalysts favour estérification. It is generally accepted that when a tertiary 
amine is used as catalyst, it will first react either with the epoxy group or with the 
anhydride group, both possibilities being displayed in Figure 5.3. The tertiary amine 
is believed to react with the epoxy group to form a zwitterion, which contains a 
quaternary nitrogen atom and an alkoxide anion. The latter reacts with the anhydride 
and a quaternary salt is formed, the anion of which reacts first with the epoxy group 
and then with the anhydride^ In the other proposed mechanism, when amine as 
catalyst is present, the amine interacts with the anhydride rather than with the epoxy 
group. During the curing process, the unbonded electron pair o f the tertiary amine is
142
Chapter 5. Curing o f  epoxy resins incorporating nanoparticles
believed to be responsible for the nucleophilic attack to form the quaternary 
ammonium salt zwitterion which then reacts with an epoxy group to yield an alkoxide 
anion. This anion opens the anhydride to form a carboxylate anion, which then 
repeatedly reacts with an epoxy^ '^^^.
NR.
NRXH,
R,N0-0R,N
F igure 5.3. Possible mechanism for the cure o f  epoxy resin by anhydride with tertiary amine as
catalyst*.
An additional study using conductivity measurements has shown that a ternary system 
epoxy-anhydride-tertiary amine is responsible for the formation of active ionic 
c e n t r e s I n  contrast, the interaction between the tertiary amine and the anhydride 
alone is not sufficient for the formation of the same structure.
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The actual situation depends upon both the steric and electronic nature o f the carboxyl 
group formed and the extent o f éthérification will vary accordingly.
Accelerators are used in most anhydride cured epoxy systems: acidic accelerators 
promote éthérification, whilst basic ones promote estérification. Therefore, the 
optimum anhydride-epoxy ratios are determined to a significant extent by the type of 
accelerator used.
At an anhydride: epoxy ratio of 1:1, optimum properties should be anticipated if no 
éthérification occurs. However, the temperature o f the reaction and the concentration 
of hydroxyl groups will also govern the reactivity.
If anhydride species are present in excess, then weight losses may occur at elevated 
temperatures, due to the reversible reaction leading to the monoester splitting off the 
anhydride.
Similarly, weight losses will also occur from anhydride-deficient systems, because 
excess resin or resin fragments may be driven off at temperatures in excess o f 200°C. 
Tertiary amines are the conventional choice of accelerator and are used in the 1-5 phr 
(per hundred parts o f resin) range.
5.1.3. FILLERS
The basic properties of epoxies can be modified in many ways: by blending different 
resins, by selection of curing agents and by the use of modifiers and fillers. However, 
for various technological applications, mechanical and thermal properties of polymer 
systems are commonly improved by addition of an inorganic filler.
In the area o f microelectronics, filled polymers have been studied extensively, in 
particular, silica-filled epoxies are the most promising candidates because of the 
improvement in thermo-mechanical properties that they confer Additionally, the 
incorporation of silicon atoms into polymers enhances the thermal properties and 
covers the needs of flame retardant materials^ '^^'^.
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Other advantages are based on the filler absorption capacity o f part of the heat 
liberated upon cure, which results in a reduction of the overall shrinkage and in the 
coefficient o f thermal expansion. Loading is often limited by the maximum viscosity 
allowable for a given application.
In recent years, the booming of nanophased materials has led to the use of fillers on 
the nanometer scale. Nanometre-sized particles yield superior mechanical properties 
when compared with their micron-sized counterparts. Nanocomposites can be made 
with the incorporation of nanoparticles into polymers. The introduction of 
nanoparticles is an important way of improving the key properties'^, which can only 
be effective if  the nanoparticles are well dispersed in the surrounding polymer matrix. 
These system features depend on the influence of the matrix resin on composite 
performance and the interaction between the matrix and nanoparticles^"^. This 
adhesion may be controlled by using coupling agents.
The concept that two dissimilar phases may be held together by a third intermediate 
material as a coupling agent was used by Plato to explain how a universe made up of 
different elements could exist as a homogeneous whole^^.
Organofunctional silicones are hybrids of silica and organic materials which function 
as coupling agents to improve the bonding o f organic polymer to mineral surfaces 
(Figure 5.4). The general structure of the materials is XgSiRY, where Y is the 
functional group which reacts or is compatible with the polymer and X is an 
hydrolysable group, which is an intermediate in the formation of silanol groups for 
bonding to mineral surfaces^^.
0OH Q^.sle<____Y REsn^
Where Y = organic group, X  = R, H, Si or the mineral surface. 
Figure 5.4. Treatment o f  nanoparticles by a sihca coupling agent.
RESIN
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The use of epoxy resins, which incorporate nanoparticles, for optoelectronics 
packaging was discussed in chapter 1.
While the purpose of this chapter is to examine the curing reactions o f these epoxy 
resins, for this optoelectronic application, materials with optical transparency, low 
thermal expansion, high refractive index and thermal stability are needed^^. To 
achieve these goals, titania and zirconia nanoparticles were selected as fillers for their 
dual ability to decrease thermal expansion, as the rest of the fillers do, and increase 
refractive indices^^"^^. Epoxy composites with nano-sized Ti02 ceramic filler particles 
have been also synthesised to improve the strength and the toughness o f the resin^°. 
The processing of these composites involves three stages.
• Firstly, the curing of epoxy resins with anhydrides, due to their low shrinlcage, and 
imidazole, as catalyst in order to form the ester preferentially, has been studied by 
FTIR spectroscopy^^ and DSC. Thermal analysis of the cured resin has been 
carried out.
• Secondly, nanoparticles o f titania and zirconia have been treated with silane 
coupling agents in order to achieve better adhesion for their subsequent use as 
fillers for the epoxy resins studied. This modification involves the formation of a 
new bond Si-O-M (M represent a metal) which has been followed by FTIR, 
Raman, solid state ^^Si NMR and NMR spectroscopy.
• Finally, nanoparticles and functionalised nanoparticles have been incorporated 
into the polymer and the curing processes have been followed by DSC. The filled 
epoxy has been characterised by FTIR and Raman spectroscopy. The dispersion of 
the nanoparticles into the epoxy matrix was studied by mapping SEM, DSC and 
DMTA.
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5.2. EXPERIMENTAL
5.2.1. MATERIALS
Hydrochloric acid [HCl] (d=1.18 g cm'^) 37% (Fisher), 3-(methacryloyl- 
oxy)propyltrimethoxysilane [MEMO] 98% (Aldrich), chlorotrimethylsilane, 
redistilled [MClS] 99%+ (Aldrich), 1 -[3-(trimethoxysilyl)propyl]urea [USCA] 97% 
(Aldrich), 3-aminopropyltrimethoxysilane [NSCA] 97% (Aldrich), N-{3- 
trimethoxysilyl)propyl)ethylene-diamine [N2SCA] 97% (Aldrich), (3-chloropropyl)- 
trymethoxysilane [CISCA] 97% (Aldrich), 3-glycidoxypropyltrimethoxysilane 
[GLYMO] 98% (Aldrich), 3-(dimethoxymethylsilyl)-l-propanethiol [TSCA] 95% 
(Aldrich), zirconia nanoparticles (acetate stabilized, 20% Zr02 5-10 nm, 15% acetic 
acid, 65% water) (Nyacol®), titania nanoparticles TiNano™ 40 99.9% (Anatase, 
nominal particle size 40 nm, specific surface area > 40 m^/g), poly (bisphenol A -co - 
epichlorohydrin) glycidyl end-capped Ave. Mn ca. 355 g [DGEBA], N,N'~ 
diglycidyl-4-glycidyloxyaniline [DGAO] (Aldrich) , A,A'-diglycidylaniline [DGA] 
(Aldrich), methyl-5-norbomene-2-3-dicarboxylic anhydride [NMA] (Aldrich), cis- 
1,2,3,6-tetrahydrophthalic anhydride [THPA] (Aldrich), 2-ethyl-4-methyl imidazole 
[EMI] 95% (Aldrich), were all used as received.
5.2.2. INSTRUMENTATION
Infrared (IR) spectra were recorded on a Perkin-Elmer 2000 FT-IR spectrophotometer 
interfaced with a Perkin-Elmer computer. ATR (attenuated total reflectance) was used 
as an attachment averaging over 16 scans at a resolution of 4 cm '\ Raman spectra 
were obtained on a Perkin-Ehner System 2000 FT-Raman spectrometer.
Abbreviations used in the text to describe peaks are as follows: vs = very strong; s = 
strong; m = medium; w = weak, b = broad and sh=shoulder.
Solid-state NMR experiments were kindly carried out by Dr. D. Apperley at Durham 
University. ^^Si and CP NMR spectroscopies were performed at room temperature 
on a Varian UNITY/wova spectrometer with a 7.05 T Oxford Instruments magnet. 
spectra were acquired at 75 MHz using cross polarisation with a contact time of 30 
ms. ^^Si spectra were acquired at 60 MHz using cross polarisation with a contact time
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of 20 ms, Tetrafunctional silicon sites were labelled with the conventional Q" and 
trifunctional silicon sites with the conventional T" notation.
DMTA (dynamic mechanical thermal analysis) was performed on a Polymer 
Laboratories DMTA Mark II, single point bending, dual cantilever mode at a 
frequency of 10 Hz and a heating rate o f 5 K/min using epoxy resins plaques of 
dimensions 30 x 15 x 2 mm^. The glass transition temperature (Tg) is defined as the 
maximum value of the Tan ô for these materials.
The curing behaviour and resultant thermal properties of epoxy resin were studied by 
differential scanning calorimetry (DSC) (TA Instruments DSC QlOO). Samples were 
analysed in hermetically-sealed aluminium pans, under an inert atmosphere of 
nitrogen at a flow rate of 30 cm^/min with a ramp rate of 10 K/min. Additionally, for 
kinetic studies rates of 5 K/min and 20 K/min were also studied.
Surface morphology was evaluated using a Hitachi S-3200 Variable Pressure 
Scanning Electron Microscope with a backscattered electron detection at 15 kV. EDX 
(Energy Dispersive X-ray) Spectroscopy was also performed.
Refractive indices were measured on a WOOLMAN WYASE ellipsometer with a 
70°C incident angle. The epoxies were mounted into another epoxy film and finely 
polished.
5.2.3. CURING OF EPOXIES
5.2.3.I. METHOD
Three epoxy resins have been cured with equivalent weights of anhydrides and 
different proportions of catalyst: 1 phr and 2.5 phr of imidazole. Their structures are 
shown in Figure 5.5.
Firstly, the components were heated to 80°C, below 70°C as THPA is precipitated and 
therefore operations must be carried out above this temperature\ Magnetic stirring 
was used for a few minutes until a homogeneous mixture was obtained. The liquid
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resins were then poured into a pre-heated mould of dimensions 30 x 15 x 2 mm. All 
specimens were cured thermally at 180°C over a period of 40 minutes.
Relative proportions are displayed in the next Table 5.1.
EPO X Y  RESINS
OH
DGEBA
DGAODGA
ANHYDRIDES CATALYST
NMA THPA EMI
F igure 5.5. Structure o f  epoxy resins, anhydrides and catalyst used.
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Table 5.1. Relative proportions for epoxy resin curing and their properties
Resin Epoxy resin Hardener Catalyst
F ilm
Appearance FTIR  (cm  ')
Epoxy 1 DGA (2.00 
g, 9.72 
mmol)
NM A (3.46 
g, 19.4 
mmol)
EMI (0.02 g, 
0.018 mmol)
Amber
transparent
2963(w); 1727(s); 1598(m); 1505(m); 
1341(w); 1259(w); 1080(s, b); 
1017(s); 797(s) and 692(m)
Epoxy 2 EMI (0.05 g, 
0.045 mmol)
Amber
transparent
Epoxy 3 DGA (2.00 
g, 9.72 
mmol)
THPA 
(2.96g, 19.4 
mmol)
EMI (0.02 g, 
0.018 mmol)
Brown
transparent
2962(w); 1733(s); 1599(w); 1505(s); 
1341(w);1153(w); 1080(s); 1032(s, 
b); 744(s) and 690(s)
Epoxy 4 EMI (0.05 g, 
0.045 mmol)
Brown
transparent
Epoxy 5 DGAO 
(2.00 g, 7.21 
mmol)
NMA (3.82 
g, 21.55 
mmol)
EMI (0.02 g, 
0.018 mmol)
Dark brown 
transparent
2980(w); 1732(s); 1509 (s); 1154(s, 
b); 817(s) and 731(m)
Epoxy 6 EMI (0.05 g, 
0.045 mmol)
Dark brown 
transparent
Epoxy 7 DGAO (2.00  
g, 7.21 
mmol)
THPA
(3.28g,
21.55mmol)
EMI (0.02 g, 
0.018 mmol)
Brown
transparent
2980(w); 173 l(s); 1509 (s); 1154(s, 
b); 1080(s); 912(s) and 807.5(m)
Epoxy 8 EMI (0.05 g, 
0.045 mmol)
Brown
transparent
Epoxy 9 DGEBA  
(2.00 g, 5.63 
mmol)
NM A (2.01
g, 11.26
mmol)
EMI (0.02 g, 
0.018 mmol)
Brown
transparent
2955(w); 1728(s); 1599 (m); 
1505(m); 1152(s, b); 747(m) and 
693(s)
Epoxy 10 EMI (0.05 g, 
0.045 mmol)
Brown
transparent
Epoxy 11 DGEBA  
(2 g, 5.63
mmol)
THPA (1.71 
g, 11.26
mmol)
EMI (0.02 g, 
0.018 mmol)
Transparent 2960(w); 1728(s); 1598 (m); 
1505(m); 1154(s, b); 103l(m); 744(s) 
and 690(s)Epoxy 12
EMI (0.05 g, 
0.045 mmol)
Transparent
5.2.3.I. NANOPARTICLES MODIFIED BY SILICA COUPLING AGENTS
To achieve the modification of the oxide surface, the most extensively used method is 
silylation using organosilanes^^. The structures of the organosilanes used are 
displayed in Figure 5.6.
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COUPLING AGENTS
CISCAGLYMO
NH, NH,
NSCA
NH. O M e  
5! ..*0M 6 SHMe
USCA ,TSCA
F igure 5.6. Structure o f  silica coupling agents used for the treatment o f  nanoparticles. 
5.2.3.2.I. Treatment method of titania nanoparticles
Xi02 nanoparticles were dried overnight at 100°C. These particles (1.00 g, 12.6 mmol) 
were dissolved in dry toluene in a reflux system and under nitrogen atmosphere. 
Equivalent amounts o f silane coupling agent (12.6 mmol) were added via a septum. 
The mixtures were stirred over a period of 3 hours, followed by washing with water 
and drying at 100°C for 12 hours.
The volumes and the spectral signals are shown in Table 5.2.
151
Chapter 5. Curing o f  epoxy resins incorporating nanoparticles
Table 5.2. Proportions o f  SCA for modifying titania nanoparticles and their final spectra signals,
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S.2.3.2.2. Treatment method of zirconia nanoparticles
Since the coupling agent can react only with the exterior nanoparticles on the surface, 
the agglomerated nanoparticles maintain their structures in the composites^^.
The use of a commercially available emulsion will offer a way of dispersing the 
coupling agent through all the nanoparticles thus avoiding the formation of 
agglomerates^"^.
Silane coupling agents (4.06 mmol) were added to an aqueous Nyacol emulsion of 
zirconia nanoparticles (2.5 cm^, 4.06 mmol) with acetic acid (pH=3.5) under constant 
stimng. The sluixies were stirred for 1 hour followed by DCM washing and finally 
tray drying at 70°C for 12 hours^^. SCA volumes and signal spectra are displayed in 
Table 5.3.
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Table 5.3. Proportions o f  SCA for modifying zirconia nanoparticles and their final spectra signals,
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S.2.3.4. ADDITION OF NANOPARTICLES
5.2.3.4.I. Method of addition of titania nanoparticles into the resins
Nano-sized particles offer an attractive alternative to normal fillers for reinforcing 
polymers. These nanoparticles were dispersed following the new development 
schedule reported to disperse the titania nanoparticles into resin matrices by 
immersion in an ultrasonic hath at 60°C^^. Thus, in this work, the nanoparticles were 
dispersed into the resin by placing the beaker of the mixture in the ultrasonic bath at 
70°C to lower the density of the resin during 2 hours. At the end o f the sonication the 
anhydride + imidazole (2.5 phr) were added at 80°C under magnetic stirring for a few 
minutes until homogeneous mixtures were obtained which were quickly poured into a 
preheated silicone mould of dimensions 30 x 1 5 x 2  mm and cured at 180°C during 40 
minutes.
However, for most o f the systems two phases were found. In an attempt to retain the 
nanoparticles the resin was precured at 100°C overnight, to minimise the reduction in 
viscosity, followed by a postcure at 180°C. However, two phases were still found. 
Proportions and final properties are shown in the next Table 5.4.
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Table 5.4. Relative proportions for epoxy resin curing and their properties.
Resin Epoxy resin Hardener Filler Appearance FTIR (cm'^)
Epoxy 15 DGA (2.00 g, 
9.72 mmol)
NM A (3.46 
g, 19.4 
mmol)
TiOz 10 
phr
Brown film  
two phases
2958(w); 1725(s); 1598(m); 1505(m); 
1456(w); 1223(m); 1155-994(s);
81 l(w); 747(s) and 693(s)
Epoxy 16 DGAO
7.21mmol)
NM A (3.82 
g ,21 .5  
mmol)
TiOz 10 
phr
Brown film  
Two phases
2937(w); 1725(s); 1509(s); 1455(w); 
1163(s); 1033(8); 819(m) and 725(w)
Epoxy 17 DGEBA (2.00 
g, 5.63 mmol)
NMA  
(2.01g, 11.3 
mmol)
TiOz 
10 phr
Brown 2 
phases clear 
and opaque
2955(w), 1728(s), 1599 (m), 
1505(m), 1152(8, b), 1030(m), 
742(m) and 693(m)
Epoxy 18 DGA (2.00 g, 
9.72 mmol)
THPA (2.96  
g, 19.4 
mmol)
TiOz 
10 phr
Semi-
homogeneous
white
2962(w); 1733(s); 1599(w); 1505(s); 
1153(w); 1080(s); 1032(s, b); 744(s) 
and 690(s)
Epoxy 19 DGAO (2.00 g, 
7.21mmol)
THPA (3.28
g, 21.6
mmol)
TiOz 
10 phr
Brown not 
homogenous
2962(w), 1729(8), 1509(s), 1154(s, 
b), 912(s), 807.5(m) and 617(w).
Epoxy 20 DGEBA  
(2.00 g, 5.63 
mmol)
THPA 
(1.71g, 11.3
mmol
TiOz 
10 phr
Homogeneous 
white film
2965(w); 1720(m); 1607(w); 1508(s); 
1230(8); 1182(8); 1034(m); 914(w); 
828(s); 770(w) and 660(w).
---------, ■ ■■ ------------------------------------------ '
In the case o f the most viscous system, DGEBA (2.00 g, 5.63 mmol), THPA (3.28 g, 
21.6 mmol) and EMI (2.5 phr), the nanoparticles were suspended homogeneously to 
achieve one phase. This particular system has been cured with different filler loadings 
which are displayed with their final appearance in Table 5.5.
T able 5.5. T i02 loading incorporated into DGEBA and THPA epoxy resins and their appearance
TiOz pbr 1 5 15 20
Epoxy Epoxy 21 Epoxy 22 Epoxy 23 Epoxy 24
Appearance White
homogeneous
White
homogeneous
2 phases 2 phases
5.2.3.4.2. Method of addition of zirconia nanoparticles into the resin
Zirconia nanoparticles (1 phr and 5 phr) from the emulsion (Nyacol) were added to 
the epoxy resins to obtain a white solution by magnetic stirring during 1 hour. After 
removing the water, molar equivalents of NMA and EMI (2.5 phr) were added at
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room temperature and stirred magnetically at 80°C, afterwards they were poured into 
a mould of dimensions 30 x 15 x 2 mm^ and cured at 180°C for 40 minutes. The 
proportions and final product appearance are shown in Table 5.6.
Resin Epoxy
Resin Filler
Appearance FTIR  (cm-')
Epoxy 25 DGA Zr02
1 phr
White, not uniform 2958(w); 173 l(s); 1598(m); 1506(m); 
1340(m); 1224-1035(s); 911(s); 794(m); 
748(m) and 622(w)
Epoxy 26 DGAO ZrOz
1 phr
White, not uniform 2968(w); 1728(s); 1509(s); 1327(w); 
1222-1033(8, b); 912(m); 815(m) ;727(w) 
and 625(w)
Epoxy 27 DGEBA Zr02
1 phr
White, uniform 2962(w); 1735(s); 1508(m); 1259(s); 
1179(s); 1179(m); 1033(s); 802(s) and 
623(w)
For further zirconia proportions, the FTIR signals obtained are similar, except the 
intensity o f the signal around 625 cm"\ which is stronger. Additionally, the 
appearance is also uniform when DGEBA is used as resin.
5.2.3.S. MODIFIED NANOPARTICLES FILLED EPOXY CURING
5.2.3.5.I. Method of curing pre-treated titania nanoparticle filled epoxies
Titania nanoparticles (5 phr and 10 phr) treated with GLYMO, USCA, N2SCA and 
CISCA were added to the resins. After 2 hours in the ultrasonic bath at 70°C for their 
dispersion, NMA and EMI (2.5 phr) were added at 80®C and these liquid mixtures 
were poured into a mould o f dimensions 30 x 15 x 2 mm and cured at 180°C for 40 
minutes. The appearance of these cured epoxies is described in Table 5.7.
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Table 5.7. Appearance o f  treated 10 phr titania filled resins cured with XMNA.
FILLER DGA DGAO DGEBA
TiOz-GLYMO
TiOz-NSCA
TiOz-USCA
TiOz-ClSCA
Homogeneous, brown 
Homogeneous, brown 
Two phase, brown 
Homogeneous, brown
Homogeneous, brown 
Homogeneous, brown 
Homogeneous, light brown 
Homogenous, brown
Homogeneous, white 
Homogeneous, white 
Homogeneous, white 
Homogeneous, white
A mixture of DGEBA (2 g, 5.63 mmol) and THPA (1.48 g, 5.63 mmol) and EMI (2.5 
phr), which showed better dispersion of the titania nanoparticles, was filled with 
different pre-treated titania nanoparticles (10 phr). These films were homogeneous 
and white.
5.2.3.S.2. Method of curing pre-treated zirconia nanoparticle filled epoxies
The schedule explained above has also been followed to incorporate pre-treated 
zirconia nanoparticles into the resin and, when DGEBA and THPA were used, a 
transparent film was obtained. Loadings from 1 phr to 50 phr were used and the 
dispersion of these nanoparticles and thermal properties were studied. 1 phr, 5 phr, 10 
phr and 25 phr zirconia nanoparticles modified by NSCA, N2SCA and CISCA were 
introduced into the resins using the same pathway to obtain transparent films. 
Additionally, GLYMO pre-treated zirconia (1 phr, 5 phr, 10 phr, 15 phr, 20 phr, 25 
phr and 50 phr) was also introduced.
Examples of Raman and FTIR spectral assignments for resins filled with pretreated 
zirconia nanoparticles (5 phr) are displayed in Table 5.8.
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Table 5.8. Epoxies filled with ZrOz-pretreated DGEBA-THPA (5 phr).
SCA FTIR (cm ') RAMAN
GLYM O 2967(w); 1730(s); 1606(w); 1504(m); 1259(s); 
101 l(s); 862(w); 797(s) and 662(w)
3070(8); 2934(8); 1724(m); 1656(m); 
1610(s);1443(m);1226(m); 1142(m); 808(m); 
640(m); 395(m) and 195(w)
N SCA 2962(w); 1728(s); 1606(w); 1509(s); 1439(w); 
1361(w); 1293(m), 1228-1027(s, b); 948(m); 
826(s); 727(w) and 661(s)
3071(s); 2933(8); 1741(m); 1656(m); 1609(s); 
1443(m);1226(m); 1142(m); 807(m); 640(m); 
393(m) and 146(w)
NzSCA 2964(w); 1731(s); 1507(m); 1260(m); 1149(m); 
1013(s); 823(m) and 658(m)
3069(s); 2958(s); 1741(m); 1656(m); 1609(s); 
1412(m);1226(m); 1142(m); 810(m); 640(m); 
388(m) and 199(w)
CISCA 2963(w); 1727(m); 1605(w); 1509(w); 1259(s); 
1085-lG27(s); 861(w); 797(s); and 660(w)
3071(s); 2933(8); 1743(m); 1657(m); 1610(s); 
1443(m); 1229(m); 1114(m); 808(m); 641(m); 
397(m) and 193(w)
When the amount o f zirconia increases, this results in an increase in the signal due to 
zirconia at around 660 cm '\
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5.3. RESULTS AND DISCUSSION
5.3.1. EPOXY CURING
Epoxy curing has been studied by DSC and FTIR spectroscopy. DSC allows 
exploration of the curing temperature of these resins and FTIR spectroscopy follows 
the evolution of the reaction and also allows characterisation of the formed resins. 
FTIR spectroscopy can be used to observe changes in the presence o f functional 
groups such as an epoxide ring.
Figure 5.7 shows FTIR spectra of the epoxy resin cured with the anhydride. The 
figure shows the disappearance of the pealcs characteristic of the anhydride group at 
1855 cm"  ^ (w), C==0 symmetric stretch o f anhydride, and 1773 cm '\s), C=0 
asymmetric stretch of anhydride. At the same time, the formation o f the ester group 
increases the intensity at 1727 cm’*, C=0 stretch o f ester. Moreover, the signal at 911 
cm'* assigned to the stretch absorption of C-O in the epoxy group^’’^  ^ decreases, 
whereas the signals at 1080 cm’* and 1017 cm’* appear due to the new C-O bonds 
formed.
2 .5  1
E ster
40 minutes
20 m inutes
10 minutes E poxy
Anhydride
before curing
3600 3100 2600 2100 1600 1100 600
cm
F igure 5.7. FTIR spectra for the curing o f  DGA with NM A and EMI (2.5 pin;), cure times shown
(A=absorption).
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After studying this cure process, the schedule followed for the epoxy cure involved 40 
minutes at a temperature o f 180°C.
The characteristic bands of the FTIR spectra of the cured products following this 
pathway, displayed in Table 5.1 do not show evidence of anhydride or epoxy signals, 
indicating that curing was successful.
The curing was also studied by DSC. Isothermal analyses were run to observe the 
curing time and dynamic experiments in order to examine the curing temperature. The 
latter were found to be around 180°C for different epoxy resins cured with NMA and 
EMI, and a thermogram is shown in Figure 5.8. Where it is possible to observe the 
variation of activation energy (Ea), it is lower for DGAO which has three epoxide 
gi’oups therefore for the same mass the probability o f reaction is higher. The OH 
groups in the DGEBA resin may facilitate the curing process and lower the Eg value.
-*-DGA
-«-DGAO
DGEBBA
2.00E+01
1.50E+01Exo
1  1.00E+01
5.00E+00
-5.00E+00
5 115
Temperature (“C)
15555 75 135 175 195
Figure 5.8. DSC thermograms for epoxies cured with NM A and EMI (2.5 phr)
The physical properties o f the epoxy resins including TgS depend on the three- 
dimensional molecular structure of the network formed, which is a function of epoxy 
structure, anhydride structure and their stoichiometric ratio^^.
The relationship between the crosslinking behaviour and the glass transition 
temperature is evident from DMTA thermograms. Thermograms for epoxies cured 
with NMA are shown in Figure 5,9. Therefore, DGAO has the highest Tg, due to its
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higher functionality which will offer higher crosslinking density resins than a 
difunctional epoxy resin at the same degree o f curing.
—  DGA 
•-»- DGAO
—  DGEBA0.8
0.7
0.4
0.3
0,2
30 80 130 180 230
Temperature (°C)
Figure 5.9. DMTA thermograms for epoxy resins cured by NM A and EMI (2.5 phr)
DGA and DGEBA present roughly the same range of Tg values. On the other hand, 
the Tg o f DGAO has shifted to much higher temperatures and this signal is quite 
broad, a likely reason for this effect is a widening distribution of the lengths of 
immobilised epoxy-anhydride chains^^.
Different curing agents can act as spacers and control the distance between the epoxy 
resin units'*\ Two types of cyclic anhydrides have been used: NMA and THPA. From 
the thermograms o f curing of DGA with both anhydrides it is possible to contrast their 
effect upon curing. The DSC thermogram, in Figure 5.10, shows that again the curing 
occurs at similar temperatures. However, it is possible to appreciate in this figure that 
the activation energy for XMNA is higher, this anhydride is more difficult to open, 
possibly due to its fused rigid ring'* .^ The inherent rigidity o f this group shifts the Tg to 
higher temperatures as shown in Figure 5.11.
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135 175
F igure 5.10. DSC thermogram for DGA cmed with both THPA and NMA.
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130 230 280
F igure 5.11. DMTA thermograms o f  DGA cured with both THPA and NMA.
Two different proportions of catalyst have been used. For DGA cured with XMNA 
and EMI (1 and 2.5 phr) the thermograms are shown in the figures below, DSC in 
Figure 5.12 and DMTA in Figure 5.13. When the amount of catalyst increases, the 
activation energy decreases because the curing is more easily achieved. For the same 
curing temperature, the values o f Tg have also increased. Thus when the catalyst 
loading increases, it leads to a higher crosslink network with a higher Tg^ .^
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F igure 5.12. DSC thermogram o f  DGA cured with NM A with EMI (1 phr and 2.5 phi).
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Figure 5.13, DMTA Thermogram for the cming o f  NM A and DGA with EMI (1 and 2.5phr).
Initially, these epoxy films were explored, afterwards they were filled with 
nanoparticles and their properties were studied to observe the effects on the final 
properties of the materials.
5.3.2. MODIFIED NANOPARTICLES
For nanoparticles without surface pre-treatment, by decreasing the particle size the 
specific surface area increases and the probability of agglomeration increases" "^ .^ 
Actually, the strong attractions between them make their dispersion in the polymer a 
difficult process to achieve. To enhance the interactions between filler and elastomer, 
some coupling agents were added. The additional chemical treatment of the particle 
surface may further enhance the composite properties by improving the qualities of 
filler-matrix coupling.
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During the treatment of the filler surface area with silane coupling agents, there are 
two basic reactions taking place: hydrolysis of trialkoxysilanes to silanols and 
condensation of silanols formed with OH gi’oups present on the particle's surface. The 
surface modification of the nanoparticles improves the dispersibility of the filler in the 
organic medium. The modification o f nanoparticles by silane coupling agent implies 
the formation of a new bond M-O-Si (where M = metal).
The Si-0 IR band, which appears at about 1100 cm"  ^ for pure SiOa, moves towards 
lower values when a hetero-linkage (Si-O-M) is formed. This band shift reflects the 
level o f mixing of the two different components. It is generally accepted that the 
larger the shift, the more heterolinkages are present'^^.
5.3.2.I. Titania modified nanoparticles
The Si-O-Ti vibration band appears at approximately 960 cm'^ due to a localised Si-O 
mode in the SiO...Ti bridges, shifted due to the inequivalence of the Si-O and Ti-O 
bonds"^ .^ The FTIR spectrum shows a weak band at ca. 910 cm"  ^ which can be 
assigned to the Si-O-Ti bond for most o f the coupling agents used except for MClS 
and TCA. Both these coupling agents present at least one methyl group directly 
bonded to the silica which may hinder the silylation either as a result o f steric or 
electronic factors.
An example of the FTIR spectrum of GLYMO-TiOz is shown in Figure 5.14. The 
broad signal around 658 cm'^ is attributed to Ti-O-Ti and another band at 1082 cm'^ 
which corresponds to the Si-O-Si bond. These results support a possible modification 
of the surface. However, in the Raman spectrum the Ti-O-Ti signals are very strong, 
bands at about 404 cm '\ 516cm’  ^ and 630 cm'^ "^ ,^ though the other signals are 
discernible.
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F igure 5.14. FTIR spectrum showing the region containing GLYMO-TiOa nanoparticles.
The solid state NMR data show a silica structure based mainly on and groups 
and although T* groups are present in some cases, these signals are very weak. The 
presence of a high concentration of terminal -OH and -OTi groups bonded to Si 
represents incomplete condensation of the network which may be owing to the 
modification of the nanoparticles via Si-G-Ti"^ .^ The relatively high intensity of T  ^
may be due to modification of the nanoparticles. In most cases this T  ^ signal was the 
strongest in the ^^Si NMR spectra. However, when nitrogen derived coupling agents 
were used, the T  ^ signal predominated, which shows a more condensed structure and 
may be due to a lower degree of particle modification. However, it is not 
straightforward to identify Si-O-Ti or Si-O-Zr bonds using ^^Si NMR.
The NMR spectrum shows signals around 165 ppm or 180 ppm, which 
correspond to the C=0 group. It may be that some CO2 bonds to the titania; however, 
this signal is not discernible in the FTIR spectrum.
5.3.2.2. Zirconia modified nanoparticles
FTIR spectra show a broad band at ca. 630 cm'^ which corresponds to the Zr-0 bond. 
It has been found that in the FTIR spectrum, a signal for ZrOi nanoparticles appears 
as a broad and strong band at 490 cm"\ which extends to 800 cm“^ A band at 970
cm'^ has been related to vibrational modes involving Si-O-Zr linlcages^®. In the
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Spectrum for GLYMO there is a band around 920 cm"  ^ which may correspond to this 
vibration, however for the NSCA and N2SCA this band is not appreciable.
The Raman spectrum shows three strong signals at approximately 650 cm '\ 230 cm'^ 
and 200 cm'^ which are related to Zr-O bonds^\ Additionally another signal appears 
at low frequencies around 400 cm‘^  which is probably due to Si-O-Zr bonds as a result 
o f a shift in the Si-0 band at 530 cm’  ^ to lower frequencies.
The signals from NMR spectroscopy show that the epoxy has been opened during 
the silylation, a simple hydrolysis to give a diol^^, which was expected as water was 
used as solvent. The structure is shown in Figure 5.15.
CH„OH
Figure 5.15. GLYMO-ZrOz treated structure.
Depending on the coupling agent used, the silica structure varies. All have a lower T^  
signal, but the intensity of T^ and T  ^ changes. The same behaviour has been observed 
during the treatment of silica nanoparticles using titania. The ^^Si NMR spectra for 
GLYMO and NSCA treated nanoparticles are shown in Figure 5.16.
In the titania nanoparticles treatment with nitrogen derived coupling agents, the T  ^
groups predominate, and this may be due to a lower particle modification. However 
once again, the interpretation of this information is not straightforward.
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F igure 5.16. ^^Si NM R spectram o f  GLYMO and NSCA treated zirconia nanoparticles.
5.3.3. NANOPARTICLE FILLED EPOXY RESINS
5.3.3.I. T itania filled epoxy resins
The curing of resins incorporating nanoparticles, when catalysed with EMI (2.5 phr) 
resulted in higher Tg materials. For this reason NMA was used firstly as hardener, but 
THPA leads to more easily dispersed materials.
Although dispersion of the nanoparticles in the resin was undertalcen using an 
ultrasonic bath for 2 hours at 70°C, in most o f the cases two phases were obtained. 
Probably what is happening during the curing process is that, owing to a decrease in 
viscosity, nanoparticles are not retained in the matrix and fall to the bottom of the 
resin.
In an attempt to minimise this big change in viscosity, the curing process was carried 
out in two stages, firstly at 100°C (12 hours) and a postcuring step at 180°C (40 
minutes). However, two phases were still found.
DMTA thermograms of TiOz (10 phr) incorporated in different epoxies cured with 
NMA are shown in Figure 5.17. The two peaks present clearly show this 
heterogeneity in the structure of the material^^. The new damping peak at a higher
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temperature indicates the phase separation of the hybrid epoxy. The next step involves 
the addition o f modified nanoparticles into the resin. However two phases were still 
present and thus, in the DMTA thermogram, broad signals were still noticeable. 
Pretreated Ti02 nanoparticles incorporated into DGEBA cured with NMA are shown 
in Figure 5.18.
♦ DGAO 
-•-PG A  
DGEBA
0.4
g 03
0.1
Tem perature (°C)
F igure 5.17. DMTA thermogram for Xi02 filled epoxies (10 phr) cured with NMA.
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Figure 5.18. DMTA thermogram for TiOz treated nanoparticles (10 phr) incorporated into DGEBA
epoxy resin cured with XMNA.
The next DSC thermograph, Figure 5.19, for DGEBA-THPA and EMI (2.5 phr) 
shows an example of the data which have been used to assign energy o f activation 
(Ea), maximum temperature of curing (Tmax) and the glass transition temperature (Tg). 
The upper line shows the curing process of the resin while the lower one a scan of the 
cured resin. Note that the energy o f activation data are in the range between a 
diffusion reaction (20-80 kJ/mol) and a chemical reaction (100-250 kJ/mol).
169
Chapter 5. Curing o f  epoxy resins incorporating nanoparticles
T«Mp«fawcrC)
F igure 5.19. DSC thermogram for DGEBA cured with THPA and EMI (2.5 phr).
The values from thermal studies carried out with different modified titania 
nanoparticles are displayed in Table 5.9, from these data interesting conclusions may 
be drawn.
Tab le 5.9. Thermal studies-data on treated modified nanoparticle-epoxy resins cured with NMA.
FILLER DGA DGAO DGEBA
Thermal
parameters
TgCC)
DMTA
Ea
(kJ/mol)
Tinax
m
TgCC)
DMTA
Ea
(kJ/mol)
Tmax
m
Tg(°C)
DMTA
Ea
(kJ/mol)
Tmax
CC)
TiOz 159 92.4 173 207-
244
134.3 161 141 138.6 196
GLYMO-TiOz 148 73.5 165 186 132.0 176 168 115.9 163
NSCA- TiOz 149 87.8 174 197 148.1 164 172 127.3 179
UrSCA TiOz 151 62.6 171 200 177.4 168 155 117.2 165
CISCA- TiOz 156 70.6 175 208 115.8 162 162 122.2 172
Treated titania filled epoxies properties, as may be expected, depend on the organic 
group o f the organosilane which will interact with the epoxy resin. The main function 
of these organosilanes is to improve the dispersion of the filler in the resin. Therefore,
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the curing process is straightforward and the activation energy for these systems 
decreases compared with the untreated nanoparticles.
The effect on the curing temperature and glass transition temperature varies, the most 
general trend is an increase of these values compared with the untreated filled 
epoxies. At the same time, Tan ô peaks become sharper which indicates partial 
improvement in the dispersion. This reduction is more pronounced when GLYMO is 
added as is seen in Figure 5.20. For this specific system the activation energy value is 
the lowest. These results lead to a more compatible system for GLYMO-nanoparticles 
incorporated into DGEBA. This result is applicable for all the resins. It is important to 
highlight from the structure of this coupling agent that the organic group contains an 
epoxy group, which will lead to direct chemical reaction and consequently a more 
compatible system.
From these data important effects were noticeable of the nanoparticle treatment and of 
the organic group nature in the organosilane upon filled resins, even when just 10 phr 
were incorporated.
The anhydride-epoxy system achieves better dispersion than the DGEBA-THPA 
system, which in turn yielded the highest viscosity system in this study. Different 
amounts of TiO% were incorporated into this system. 1 phr, 5 phr and 10 phr were 
used and homogeneous epoxies were formed. Unfortunately, when the amount of 
nanoparticles was increased two phases were obtained. Furthermore, although a 
uniform dispersion was achieved these films did not offer transparent polymers 
indicating some aggregation o f the nanoparticles.
Table 5.10 shows the activation energies and curing temperatures for DGEBA when 
cured with THPA containing different titania filler loadings. From the data it is 
possible to observe that when the amount of titania increases, the curing temperature 
decreases, which may be due to a possible catalytic effect o f the titania in the curing. 
However, the activation energy values are approximately in the same range.
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Table 5.10. DSC curing data ofTiO^ filled DGEBA with THPA.
TiOz phr 1 5 10
Ea (kJ/mol) 98.0 115.6 96.7
T curing (°C) 164.8 151 146.8
Pre-treated nanoparticles were added in an attempt to obtained our "goal" 
transparency, but although these systems were uniformly dispersed, transparency was 
not achieved. This property it is highly important since it is an indication of good 
miscibility between the phases in the material and furthermore it is necessary for 
optoelectronics applications
Valuable information on morphology and on interfaces in these systems may be 
drawn from DMTA. Figure 5.17 shows the DMTA thermogram of differently-treated 
titania nanoparticles added to DGEBA-THPA resin.
It is well known that the cured epoxy resin clearly shows, in the Tg region, a large tan 
Ô peak. However, when treated nanoparticles are incorporated into the resin, this area 
decreases compared with the untreated ones. This behaviour indicates that the 
nanoparticles are well dispersed into the network and restrict the motion o f the epoxy. 
The biggest reduction in area found was for GLYMO treated nanoparticles, which 
again indicates that a better dispersion was found when these coupling agents were 
used.
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F igure 5.20. Pretreated T1O2  nanoparticles filled DGEBA system cured with THPA.
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S.3.3.2. Zirconia filled epoxy resins
The main goal for the application of these materials was finally attained when 
zirconia-modified nanoparticles were incorporated into a system containing THPA 
and DGEBA, which gave transparent films.
The morphology of the fractured surface was observed using SEM. The specimens 
were treatement with liquid nitrogen and then broken so that the fracture surface 
could be examined using this technique.
It is possible to highlight that, when the nanoparticles were added into the system, a 
more compact structure was achieved as they were probably located in gaps in the 
epoxy network structure. A comparison of the unfilled DGEBA-THPA epoxy resin 
with the filled system with GLYMO-ZrOz nanoparticles (10 phr) is shown in Figure 
5.21.
m .éx
50pm 50pm
Figure 5.21. SEM micrographs stmcture o f  (a) unfilled DGEBA cured with THPA and (b) 10 phr
GLYMO ZrOz nanoparticle filled system.
EDX elemental analysis shows the elements present in the structure (Figure 5.22) and, 
using the mapping technique, it is possible to elucidate the distribution of zirconium 
and silicon through the matrix. According to these mappings, particles were uniformly 
dispersed for loadings lower than 25 phr. An example of 10 phr GLYMO-ZrO] 
DGEBA-THPA mapping is shown in Figure 5.23.
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Consequently, zirconia nanoparticles are restrained at the molecular level in modified 
epoxy nanocomposites and, as a result, these nanocomposites were transparent.
locnaAI'.tiJ
Figure 5.22. EDX elemental analysis o f GLYMO pretreated 10 phr zirconia DGEBA-THPA filled
epoxy.
Figure 5.23. SEM-EDX mapping micrographs o f 10 phr GLYMO-ZrOz modified nanoparticles
DGEBA-THPA epoxy resin.
On the other hand, when the loading is at least 25 phr GLYMO-ZrOz, these 
nanoparticles are not uniformly distributed in the epoxy. They fall to the lower part of
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the material as is clearly shown in Figure 5.24 (25 phr GLYMO-ZrO] filled resin) 
where the mapping at the right hand side of the figure confirms that nanoparticles are 
placed in the edge.
ZrLal, 16
SiKa,13 Oka, 16
F igure 5.24. SEM micrographs o f 25 phr ZrOz-GLYMO DGEBA-THPA filled resin and mapping o f a
region.
S.3.2.3. Effect of nanoparticle addition on the curing kinetics of epoxy resin.
To understand further the effect of the interaction between the nanoparticles and the 
epoxy resin, curing reaction kinetics of these composites have been studied using 
DSC. Thermal data for different GLYMO-ZrOz loadings are illustrated in Table 5.11.
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Table 5.11. Thermal data o f  GLYMO-ZrOz filled DGEBA-THPA epoxy resins.
GLYMO-ZrOz
T . m
DMTA
T gC Q
DSC
5K/min Ea(kJ/mol)
“Tmax curing ( C)
lOK/min
Ea(kJ/mol) - T max 
curine ( L)
20K/min Ea(kJ/mol)
“ T max curing ( C)
1 phr 149 113 168.9 146 176.4 156 178.9 171
5 phr 149 114 163.8 143 170.1 156 176.4 172
10 phr 136 111 163.8 144 165.1 157 171.4 174
15 phr 135 111 167.6 144 177.7 158 178.9 174
20 phr 133 108 136.1 146 173.9 158 161.3 175
25 phr 129 105 138.6 142 142.4 154 165.1 171
50 phr 128 106 137.4 150 156.3 161 153.7 178
The activation energy decreases as a result o f increasing the amount of nanoparticles 
in the epoxy resin. Moreover, a reduced energy barrier is necessary to promote the 
molecular mobility and to enhance the curing reaction. This fact implies that these 
nanoparticles induce a catalytic effect during the curing process.
Similar results have been found in the literature by Calabarse and Valenza when 
studying the introduction o f rubber into a epoxy resin "^ .^ Additionally, Lewis acids, 
such as TiCU, are accelerators for anhydride-epoxy resins^^.
Note that in DSC experiments, there are some factors which may influence the value 
of the enthalpy, such as some degree o f decomposition of the resin^^.
Kinetic studies
The kinetics o f epoxy-anhydride systems have been widely studied through 
phenomenological models, such as the Avrami equation. More complex mathematical 
methods, taking into account other aspects, have been also used such as in the study 
by Chen and Macosko who have into account the diffusion effect^^. The cure kinetics 
of these epoxy systems were examined by non-isothermal differential scanning 
calorimetry at different heating rates. The heat flow data, as a function of the 
temperature and the time, were obtained using the area under the peak of the 
thermogram. They were processed further to obtain the fractional conversion (a) and 
the rate of the reaction da/dt^^.
This conversion with time is shown in Figure 5.25 for different loadings of GLYMO- 
Zr02 filled DGEBA-THPA for a single heating rate. It is possible to observe a delay
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in the curing process when the loading is increased. The same studies for a lower 
heating rate lead to similar shape of the curves although the time will increase as a 
result of the delay in heating. The opposite effect was found for higher heating rates.
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Ü  0,4
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5.25 Conversion curves for DGEBA-THPA resins filled with GLYMO-ZrOa for lOK/min heating rate.
The rate of curing reaction it is represented by Eq. (5.1) where K(T) is a temperature- 
dependent reaction rate constant and f(a) is a dependent kinetic model function.
^ ^ K ( T ) f ( a )  (E q.5,1)at
There is an Arrhenius type dependence between K(T) and temperature according to 
Eq. (5.2)
(Z^)
; r ( r )  =  .4 ^ ^  (E q.5.2)
Therefore, the rate of the curing reaction can be described for an n* order reaction by 
equations 5.3 and 5.4.^^
da
dt = K {T ) { l -a Y  (Eq. 5.3)
Ea
—  = A ( l - a ) “e dt (Eq. 5.4)
Based on dynamic thermal measurements and the Kissinger equation, the reaction 
order (n) of the curing kinetics o f the GLYMO-ZrOa filled DGEBA-THPA resins is 
obtained. The data fit better with a first order reaction. The results are shown in
177
Chapter 5. Curing o f  epoxy resins incorporating nanoparticles
Figures 5.26 and 5.28 for a heating rate of lOK/min, which show respectively the best 
kinetic fit for DGEBA-THPA and 25 phr GLYMO-ZrOz DGEBA-THPA filled resin 
over the range of temperatures from 100°C to 170°C. In order to better observe this fit 
the area has been expanded over the range of temperature from 100°C to 135°C in 
Figures 5.27 and 5.29. Hence, the presence of nanoparticles in the epoxy resin does 
not change the overall reaction mechanism. Furthermore, it confirms that the addition 
of nanoparticles does not induce significant modifications on the final reaction state.
— order 1 
— order 2 
— order 3 
‘ ' Linear (order 1)
- ■ Linear (order 2)
- " Linear (order 3)
18 -
16 -
12  -
Î ?  1 0  -
2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7
io 7 t
F igure 5.26. Diagram o f  kinetics for DGEBA-THPA epoxy resin for a heating rate o f  lOK/min.
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F igure 5.27, Expanded selected region, diagram o f  kinetics for DGEBA-THPA epoxy resin for a
heating rate o f  lOK/min.
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F igure 5.28. Diagram o f kinetics for 25 phr GLYM 0-Zr02 DGEBA-THPA resin for a heating rate o f
lOK/min.
 order 1
— —order 2 
—— ord ers
- ■ - Linear (order 1 ) 
” - - Linear (order 2)
- - - Linear (order 3)
-7 -
-10
2.45 2.5 2.55 2.65 2.7
F igure 5.29. Expanded selected region, diagram o f  kinetics for DGEBA-THPA epoxy resin for a
heating rate o f lOK/min.
Dynamic mechanical tests were also performed on these nanocomposites and they are 
very sensitive to the structure o f the polymer and composites. The values o f Log E' 
and Tan Ô from the DMT A thermograms for unfilled to 15 phr GLYM0-Zr02 
DGEBA-THPA films are shown in Figures 5.30 and 5.31 respectively. When 1 phr, 5
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phr and 10 phr zirconia modified nanoparticles were introduced into the matrix, the 
effect upon the Tg was to increase this value. The increases may be attributed to a loss 
in the mobility of chain segments of epoxy resin, resulting from nanoparticle/matrix 
interactions.
9.5
7.5
8.5
135
Temperature (”C)
185 235
Figure 5.30. Log E' DMTA thermograms for unfilled-10 phr GLYMO-ZrOz DGEBGA-THPA resin.
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Figure 5.31. Tan 5 DMTA thermograms for unfilled-lO phr GLYMO-ZrOg DGEBGA-THPA resin.
When the loading is greater than 10 phr the effect is the opposite, the Tg decreases 
with increased loading. A reduction in chain mobility is only possible if the 
nanoparticles are well dispersed in the matrix. However, as observed in SEM pictures, 
for loadings over 20 phr this is not the case and the Tg decreases. Log E’ and Tan 6 
DMTA thermograms of 15-50 phr filled DGEBA-THPA are observed in Figures 5.32 
and 5.33 respectively.
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Figure 5.32. Log E' DMTA thermograms for 15-50 phr GLYMO-ZrOz DGEBGA-THPA resin.
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Figure 5.33. Tan Ô DMTA thermograms for 15-50 phr GLYMO-ZrOg DGEBGA-THPA resin
Modified epoxy systems were studied containing different silane coupling agents and 
different loading o f zirconia nanoparticles and TgS from DMTA data are shown in 
Figure 5.34. These data confirm that the properties of composites are greatly affected 
by the content and interfacial characteristics of the fillers^^. Although they follow the 
same trend, there is an obvious effect o f the coupling agents upon the Tg value.
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F igure 5.34. DMTA Tg values for different silica coupling agent treated zirconia nanoparticles
DGEBA-THPA resins.
Figure 5.35 shows the Tg for the different GLYMO-ZrO] loadings in DGEBA-THPA. 
It is possible to observe that for low loadings the Tg value increases due to a reduction 
o f chain mobility. However, when this loading increases the particles are not 
uniformly distributed and as a result the Tg values decrease.
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Figure 5.35. DSC thermogram for GLYMO-ZrOa DGEBA-THPA filled epoxy resin.
The values of Tg obtained from the dynamic DSC experiment are about 10-20 K 
lower than those obtained by DMTA measurement^\ Figure 5.36 displays a graph for 
the DSC and DMTA Tg values ofGLYMO-ZrO: filled DGEBA-THPA resin.
DMTA is approximately 1000 times more sensitive that DSC in terms of baseline 
deflection for detecting Tg.
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F igure 5.36. DMTA and DSC Tg values for different GLYMO-ZrO] loading in DGEBA-THPA resin.
Refractive index is an important parameter for the application of these resins. These 
data were measured by ellipsometry for different loadings o f GLYMO-ZrO] DGEBA- 
THPA filled resins; specimens were polished with a 0.5 pm diamond paste to achieve 
a good reflection within the ellipsometer. The values obtained for most of the resins 
were similar to the unfilled sample, they are displayed in Table 5.12. A possible 
explanation may be due to the fact that the smoothing process may remove the 
nanoparticles on the surface.
Table 5.12. Refractive index values for different GLYMO-ZrOa filler loading DGEBA-THPA resins.
UNFILL 1 phr 5 phr 10 phr 15 phr 20 phr 25 phr 50 phr
Refractive
index
1.55 1.54 1.54 1.58 1.59 1.57 1.57 1.60
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5.4. CONCLUSIONS
This section of work was aimed at obtaining transparent epoxy resins incorporating 
nanoparticles. The combination of curing different epoxy resins with anhydrides and 
incorporating both nanoparticles and pretreated nanoparticles by silane coupling 
agents into these resins was laborious. However, this objective was finally achieved 
for GLYMO, NSCA, N2SCA and ClSCA-ZrOi, DGEBA-THPA filled resin.
Epoxy-anhydride curing reactions have been studied by DSC and FTIR spectroscopy 
and the curing schedule of these systems has been optimised to 40 minutes at 180®C 
with 2.5 phr of EMI as catalyst.
Titania nanoparticles were modified with GLYMO, NSCA, N2SCA, CISCA, TSCA 
and USCA coupling agents and zirconia nanoparticles with GLYMO, NSCA and 
N2SCA. For the GLYMO-Zr02 modification the diol was formed.
The incorporation of titania nanoparticles into the system cured with NMA leads to 
two phase films. To improve the dispersion, pretreated nanoparticles were 
incorporated into the resins and there was a slight improvement as the Tan 8 peak 
became narrower, but still two phases were obtained. The coupling agent used in the 
treatment o f the nanoparticles has a huge effect upon the Tg o f the final materials. 
DGEBA-THPA systems incorporating Ti02 nanoparticles were uniformly 
homogeneous, but not transparent even when pretreated nanoparticles were 
incorporated.
DGEBA-THPA systems incorporating modified zirconia nanoparticles lead to 
transparent materials. Good dispersion o f these nanoparticles was achieved for 
loadings below 25 phr and furthermore, for loadings below 15 phr, an increase in the 
Tg was found. This loading did not influence the reaction order, but probably acted as 
a catalyst to decrease the energy of activation. The major drawback was in the 
measurements of the refractive index which, owing to mechanical problems, was not 
properly obtained. This may be an interesting area for further research.
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6.1. GENERAL CONCLUSIONS
Taking a step back and thinking about the original research proposal, most of the aims 
o f the project have been achieved, particularly transparency, by the synthesis of a 
wide range o f materials. Transparency is especially important since it is a good 
indication of the homogeneity of both phases in the hybrid and furthermore it is 
necessary for the application in optoelectronics.
Polyacrylate UV curing was studied and optimised (0.05 molar crosslinking agent and
0.04 molar Irgacure 184, as photoinitiator and the curing time at 20 minutes) to yield 
transparent films, which were successfully cured and homogeneous through the film. 
There is no discernible signal ascribed to the C=C bond either in the FTIR or Raman 
spectra at ca. 1630 cm'^ or in the NMR spectrum at ca. 130 ppm. This schedule 
was used in the synthesis o f polyacrylate hybrids. Refractive index and Tg of these 
polyacrylates have been measured and the values were found to be in the range of 
1.43-1.62 and of 87-136 °C respectively.
Polyacrylate-silica hybrids were synthesised, including type I and type II hybrids, via 
the sol-gel process and photopolymerisation. In type I materials, organic and 
inorganic areas are joined together by hydrogen bonds between polyacrylate and silica 
leading to semitransparent and transparent materials. The ^^Si NMR spectrum shows a 
predominant peak associated with signals, indicating the presence of silanol 
groups, which lead to hydrogen bonds with the carbonyl group in the acrylate. Thus, 
NMR and FTIR spectra show the appearance of a shoulder for the C =0 signals at 
ca. 170 ppm and at ca. 1700 cm'^ respectively due to these interactions. However, by 
EDX-SEM it is possible to distinguish the existence of micro-domains. When 
organically modified alkoxysilanes are incorporated in the films, type II hybrids, 
silica and polyacrylates are joined by covalent bonds resulting in an improvement of 
the homogeneity as observed by EDX-SEM.
It is important to highlight the advantages that the hybrids confer on the polyacrylates 
such as thermal stability, low shrinkage and low microwave losses. Hence, the silica 
is placed inside the network and hinders the mobility of the polyacrylate chains and as 
a result the Tg increases. The effect of the hybrids upon the refractive index is to
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reduce this value in relation to the polyacrylate and in particular these values varied 
depending on the acrylate used, values were found to be in the range o f 1.43 to 1.70. 
Furthermore, by varying the amount of water and TEOS in the precursor solution the 
thickness dramatically changes. The variation in thickness and refractive index with 
the temperature shows a decrease in the thickness due to further condensation of the 
silica network. This effect is confirmed with an increase in the proportion of 
groups in the ^^Si NMR spectrum after post curing treatment; at the same time the 
refractive index decreases. Both parameters show an inflexion point around the Tg, 
which is in the same range as the data obtained using DSC.
Type II hybrids appear to be more suitable materials for the optoelectronic application 
due to the low shrinkage, low thermal expansion coefficients, low microwave losses 
and an increase in the Tg value which emerges as a single value indicating good 
miscibility. These effects may be attributed to the covalent bonds between the organic 
and inorganic domains.
To expand these materials with high refractive index hybrids the synthesis of 
polyacrylate-titania/hafhia has been carried out via sol-gel reaction and 
photopolymerisation to yield semi-transparent and transparent films. As far as we 
know, organic-hafiiia hybrids have not been synthesised yet; additionally, 
polyacrylate-titania hybrids via UV polymerisation have not been synthesised. 
Furthermore, these syntheses opened up an opportunity to explore the chemistry of 
these novel materials. This attractive method of synthesis is based on the dual role of 
the acrylates.
The sol-gel reaction of transition metal precursors occurs very rapidly yielding a 
precipitate, and to retard it, complexing agents have been added. In particular, the 
acrylates act as complexing agents and also act as polymerisable monomers to form 
the hybrid allowing the formation of M-O-C coordinative bonds. Two different 
tendencies have been observed depending on the type of acrylate used: when the side 
chain possesses an oxygen atom it is used for the coordination to metal while for the 
rest of the acrylates this interaction occurs via the carbonyl group as has been 
observed by means of FTIR, Raman and NMR spectroscopies. For both cases 
possible hybrid structures have been proposed. Both series of hybrids lead to the
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production of transparent and semitransparent films, which indicates the good 
miscibility, a feature that is also observed using the SEM. The synthesis of these 
hybrids leads to high refractive index materials, ca. 1.7, for different acrylates used 
depending on the type o f hybrid.
The glass transition temperature is observed for polyacrylate-hafiiia hybrids at ca. 
100°C which is slightly higher than for the polyacrylates but not as high as found for 
polyacrylate-silica hybrids. However, it is not discernible for polyacrylate-titania 
hybrids, the latter effect may be due to the fact that polyacrylate-titania hybrids have a 
higher interaction which greatly hinder the movement of the polyacrylates.
Summarising the Tg effects along with the refractive index the following tendency for 
the different materials synthesised can be observed:
Tg values: Polyacrylate < polyacrylate-hafhia < polyacrylate-silica. For polyacrylate- 
titania, it is not discernible, and is most probably higher.
Refractive index values: Polyacrylate-silica < polyacrylates < polyacrylate-titania = 
polyacrylate-hafhia.
The other types of material studied involved epoxy resins. Epoxy-anhydride curing 
reactions have been studied with DSC and FTIR spectroscopy and the curing schedule 
of these systems has been optimised at 40 minutes at 180°C and 2.5 phr of EMI as 
catalyst. These resins have been filled with titania and zirconia nanoparticles.
When the nanoparticles are introduced two phases were obtained and transparency 
was not achieved. In order to get a better compatibility o f both phases titania and 
zirconia nanoparticles were modified by silane coupling agents where new Si-O-Ti or 
Si-O-Zr bonds can be observed by a combination of FTIR, Raman and ^^Si NMR 
spectroscopy.
The system DGEBA-THPA, which is the most viscous one, leads to homogeneous 
resins when it is filled with modified Ti02 and ZrOi nanoparticles. Although the 
incorporation o f titania gives uniformly homogeneous films, transparency was not 
achieved and this goal was reached by the incorporation of the zirconia particles.
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When zirconia was modified by GLYMO the addition of different amounts o f filling 
loading, fi*om 1-50 phr, to this system was studied. When proportions o f particles 
were in the range of 1-15 phr better miscibility was obtained (EDX-SEM, DSC and 
DMTA results) and an increase in the Tg were observed. However when this amount 
exceeds 20 phr all the techniques lead to a phase separated material. The kinetics of 
cure o f these materials have been studied by means of DSC and no change has been 
observed when these nanoparticles were incorporated into the resin. Therefore, this 
loading did not influence the reaction order, but probably acted as a catalyst to 
decrease the energy of activation.
6.2. SUGGESTIONS FOR FURTHER WORIC
The next step and the most straightforward consists of a variation of the proportions in 
the precursor: TEOS, titanium or hafnium alkoxide, water and acrylate in order to 
expand the range of the materials synthesised. Particularly, in the variation of 
polyacrylate-titania/hafhia whose starting compositions have not been varied.
In the case o f titania and hafhia, it could also being study the possibility o f using 
prefunctionalised transition metal-oxo cluster compounds as precursors of 
polyacrylate-titania^’^ /hafhia^ hybrids by polymerisation of the acrylate group could 
also be studied. The utilisation o f cluster offers better definition o f the inorganic 
constituent which remain in the final structuie.
Other methods such as Thermal Mechanical Analysis (TMA) may be used in order to 
compare thermal expansion coefficients, which have been calculated from 
ellipsometry. Microwave loss has been measured for only a few examples of hybrids, 
these parameters along with additional ones such as the dielectric constant will be 
interesting to determine. Among all materials, additional parameters may be explored 
relative to mechanical aspects, in order to get a better understanding of the materials.
Considering the epoxy resins, a parameter that needs to be measured is the refractive 
index of the modified epoxy resins which owing to mechanical problems was not 
properly obtained.
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Furthermore, another step may consist in the modification of the epoxy with hafiiia 
nanoparticles in order to push the refractive index up and to explore the dispersion of 
these nanoparticles in the matrix, since these materials do not appear to have been 
explored.
Additionally, in order to achieve epoxy resin hybrids, titania or hafiiia precursors can 
be added to modify either the epoxy resin or the anhydride before the curing process. 
Some examples of the former are displayed in Figure 6.1 and for the latter in Figure 
6 .2 .
Figure 6.1. Proposed structures o f  titania modified epoxy resins.
0  Ti
P  Hf 
O 'Hf
0 o
Ti
Figure 6.2. Proposed structures o f  modified anhydrides and imides.
Finally, one obvious pending task exists: the trial of all the components of the chip to 
test if  this material will satisfy the overall design.
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